Hydraulic Resistance of Grass Media on Shallow Overland Flow by Tao, David K. et al.
University of Kentucky
UKnowledge
KWRRI Research Reports Kentucky Water Resources Research Institute
10-1977
Hydraulic Resistance of Grass Media on Shallow
Overland Flow







Right click to open a feedback form in a new tab to let us know how this document benefits you.
Follow this and additional works at: https://uknowledge.uky.edu/kwrri_reports
Part of the Water Resource Management Commons
This Report is brought to you for free and open access by the Kentucky Water Resources Research Institute at UKnowledge. It has been accepted for
inclusion in KWRRI Research Reports by an authorized administrator of UKnowledge. For more information, please contact
UKnowledge@lsv.uky.edu.
Repository Citation
Tao, David K.; Barfield, Billy J.; and Lyons, Austin E., "Hydraulic Resistance of Grass Media on Shallow Overland Flow" (1977).
KWRRI Research Reports. 94.
https://uknowledge.uky.edu/kwrri_reports/94
Research Report No. 107 
HYDRAULIC RESISTANCE OF GRASS MEDIA ON 




David T. Kao 
Billy J. Barfield 
Principal Investigators 
Austin E. Lyons 
Graduate Student Assistant 
A-049-KY {Completion Report} 
14-31-0001-4017 (FY 1974) 
14-31-0001-5017 (FY 1975) 
Period of Agreement: July, 1973 - June, 1975 
University of Kentucky 
Water Resources Research Institute 
Lexington, Kentucky 
The work on which this report is based was supported in part 
by funds by the Office of Water Research and Technology, United 
States Department of the Interior, as authorized under the Water 
Resources Research Act of 1964. 
October, 1977 

TABLE OF CONTENTS 
Table of Contents 
List of Figures 
List of Tables 
Abstract 
I. Introduction 
Review of Related Research 
Scope of the Present Study 









Velocity Profile of Non-submerged Flow 17 
Velocity Profile for Submerged Flow 21 
Hydraulic Resistance Analysis 22 
III. Experimental Facilities and Procedures 
IV. Discussion of Results. 
Solution to Various Parameters 









Notations . 91 
Appendix I - References 96 
Appendix II - Computer Program Used in the 










LIST OF FIGURES 
Anticipated velocity profile for non-
submerged flow conditions ..... . . 18 
Anticipated velocity profile for sub-
merged flow conditions . . . . . . . . . . 18 
Schematics of forces acting on a flow 
element . . . . . . . . . . . . . . . . . . 2 3 
Schematics of forces acting on an 
elemental volume of fluid near the 
channel wall . . . . . . . . . . .... 26 
Schematic drawing of the experimental 
flume . . . . . . . . . . . . . . . . . . . 31 
General arrangement of the laboratory 
flume . . . . . . . . . . . . . . . . . . . . . 32 
Four representative vegetation blade 
orientations . . . . . . . ........ 37 
Manning's n vs VmR 
flexible simulated 
of 1224 blades/ft2 
curves for highly 
grass with population 
• • • 39 
Fig. 9. Manning's n vs VmR curves for medium 
stiff simulated grass with population 
of 1224 blades/ft2 . . . . . . . .... 40 
Fig. 10 Manning's n vs VmR curves for stiff 
simulated grass with population of 1224 
blades/ft2 . . . . . . . . . . . ... 41 
Fig. 11 Manning's n vs VmR curves for stiff 
simulated grass with population of 2232 
blades/ft2 . . . . . . . . . . . ... 42 
Fig. 12 Plots of U/U* VS Ln(A/AB) for stiff 
simulated grass of different populations ... 44 
Fig. 13 Plots of U/U* vs Ln(A/AB) for flexible 
grass blades . . . . . . . ........ 45 
ii 
Fig. 14 Ro vs R1 curves for different simulated 
grass . • . • . . . . . . . . . • . .. 67 
Fig. 15 Plot of Ro/So vs blade Reynolds number 
Rei for various simulated grass . . . . . . 68 
Fig. 16 Plot of NRo!YSo vs blade Reynolds number 






LIST OF TABLES 
Analytical results of data using 
Kouwen and Unny Approach ..... 
Values of the pertinent parameters 
• 46 
under non-submerged conditions ....... 61 
Values of the pertinent parameters 
under submerged flow conditions ... 72 
Determination of flow velocity profile 
and shear velocity at the tip of vege-
tation . . . . . . . . . . . . • . . . . . . 81 
iv 
ABSTRACT 
Simulated dense vegetation with random blade arrange-
ments and different blade flexibilities were used to deter-
mine the hydraulic properties of flow of small, non-submerging 
depths. With the water flowing among the randomly patterned 
vegetation blades, drag resistance becomes the dominant force 
that retards the flow. An equation of flow was established 
based on the momentum balance in the system. Experimental 
results were used to determine the coefficient of blade re-
sistance,~· and plotted in terms of blade width and flow 
depth Reynolds number respectively. 
Descriptors: Grass Waterways, Hydraulic Resistance, Drag, 
Flow Properties 
Indentifiers: Grass Waterways, Turbulent Flow Hydraulics 

HYDRAULIC RESISTANCE OF GRASS MEDIA ON 
SHALLOW OVERLAND FLOW 
I. INTRODUCTION 
The effects of vegetation on the flow characteristics of 
water through open channels has long been of interest to 
hydraulicians. The presence of vegetation in open channels 
acts to retard the flow of water by causing a loss of energy 
through turbulence. Various flow models have been employed 
to estimate and explain this type of hydraulic resistance. 
Due to the variety of conditions which may be present with 
flow through vegetation, much of the work has been empirical 
in nature. The combination of large flow depth variation over 
various kinds of vegetation adds to the problem of estimating 
hydraulic resistance in vegetation covered open channels. The 
depth of flow is to a large extent dependent on the density, 
height and flexibility of the vegetative elements. This report 
will explain the hydraulic resistance of vegetative in terms 
of the drag upon the individual elements and will attempt to 
advance the concepts of various other researchers in this area. 
Review of Related Research 
There are two major formulas for computing discharge in 
open channels as it relates to the resistance factor of the 
channel. The first was developed by Chezy in 1775: 
V = C(RS) 1 / 2 (1) 
-3-
where: 
V = velocity of flow, 
S = slope of channel, 
R = hydraulic radius of the channel, and 
C = coefficient of roughness. 
One of the most widely used empirical equations, especially 
in the United States, relating the mean channel velocity to 
hydraulic resistance and other parameters of the channel is 
known as Manning's Formula: 







e for British Technical Units 
for SI Units 
V = mean flow velocity in channel, LT-1 ; 
s = slope of energy line; e 
R = hydraulic radius, L; and 
n = Manning's roughness term, Ll/6. 
( 2) 
(3) 
For fixed boundary streams as well as most alluvial chan-
nels, the value of Manning's roughness term can be selected 
from established tables and charts. Ree and Palmer (1) have 
presented Manning's 'n' value for many types of vegetative 
channel linings. They found that when vegetation is submerged, 
values of 'n' vary with the product of average velocity, V, 
and hydraulic radius, R, and generally decrease as flow depth 
increases. When flow is such that the vegetation is non-
-4-
submerged the value of 'n' was found to increase with depth 
but no relation is believed to exist between 'n' and 'VR'. 
A number of studies have attempted to determine the retar-
dance of flow for different artificial roughness elements. 
Sayne (2), in an effort to establish roughness standards for wide, 
open channels, discussed the results of early experiments by 
Kenlegan, Nikuradse and Einstein. This approach, however, was 
found inadequate when describing certain other types of roughness, 
especially where the important boundary characteristics were 
relative spacings in addition to relative size of the roughness 
elements. Rowobari, Rice and Garton (3) sought to determine the 
relationship of Manning's resistance coefficient, n, to size of 
rough elements, pattern of arrangement, density of spacing, slope, 
and discharge in a smooth artificial channel using dimensional 
analysis and gradually varied flow. Round aluminum pegs served 
as roughness elements. They found that an increase in either 
density or size of roughness elements increased the resistance 
coefficient. However, they concluded that sufficient data was 
not available to present conclusive results on the individual 
effects of size and density because not enough roughness elements 
were studied. 
Einstein and Bank (4) studied the effect of composite rough-
ness in a channel using concrete blocks and pegs. They proposed 
that the shear resistance contributed by dissimilar sources of 
roughness, T = T + T with its magnitude proportional to the o s r 
mean flow velocity square. Using rigid wires to simulate vegeta-
tive cover Fenzl and Davis (5) tried to explain resistance in 
-5-
in terms of soil roughness, T • Based upon the assumption pro-
r 
posed by Einstein and Bank, they established a dimensionless 
equation to describe the total resistance to flow per unit area 
of bed with: 
with: 
P = density of fluid, FT2L- 4 
V = mean velocity, LT-1 ; 
b = diameter of 
f. = a function; 
l 
wires, L; 
v = kinematic viscosity of fluid, 
h = height of elements, L; 
y = normal depth of water, L; n 
B = parameters of profile shape of 
J = measure of flexible rigidity, 
N = number of elements. 
b 




If isolated roughness flow is present Fenzl and Davis defined 
the function £2 as a drag coefficient, Cd. Under such a condi-
tion the resistance varies directly as the density of the 
vegetation. 








is a valid one. They further con-
1. For very small depths of flow (y S y 1 Sh) in a channel 
with vegetative roughness elements of height, h, soil 
roughness is the predominant source of hydraulic resis-
-6-
tance. Under these conditions, resistance decreases 
with increasing depth of flow. 
2. At some greater depth of flow (y2 S y 1 Sh), resistance 
becomes essentially independent of small changes in 
soil roughness and increases with increasing depth of 
flow. 
3. There is a range in depth of flow (y1 Sy S y 2), within 
which resistance is influenced by both soil and vegeta-
tion roughness. The values of y
1 
and y 2 are dependent 
on the nature of the soil roughness, the population 
density of the vegetation elements, and the velocity 
of flow. Other important factors may be shape and 
rigidity of vegetation. 
Fenzl (6) represented a drag coefficient, Cd, which varied 







(T - T ) o r 
NbR"pV2/2 
with R" = hydraulic radius of bed and wires, L. 
(5) 
He noticed in his experimental work that as water depth 
increases, the relationship between the drag coefficient of 
• 
the wires and relative depth, h/R", was logarithmic. Further 
he found that when the wires were partially submerged (h/R" S 
1.0), the hydraulic resistance varied directly with the depth 
of flow with other factors being held constant. For totally 
submerged flow, the drag coefficient of the wires varied inversely 
with the relative depth, apparently as a logrithmic function 
-7-
of h/R", for h/R" < 0.8, and a power function for h/R" > 0.8. 
In his experiments on alfalfa Fenzl found the following: 
1. The resistance caused by the soil decreased rapidly 
with depth of flow in proportion to the resistance of 
the grass alone. 
2. For the long-cut alfalfa resistance was found to vary 
primarily with depth of flow and the shape of the plants. 
3. A drag coefficient calculated for the clipped grass 
was found to vary with the relative submergence of 
the plants. 
To limit the scope of the solution Fenzl considered only 
subcritical flow and found that the resistance parameter, T
0
/pv2 , 
to be dependent on no less than four dimensionless ratios, namely: 
the measure of the relative roughness of the soil, ks/y; the 
relative submergence of the vegetation, h/y; measure of the 
plant form; and Reynold's number Vbp/µ. With reference to his 
work Fenzl concluded that it is possible to develop prediction 
equations for hydraulic resistance in terms of parameters which 
are measures of the physical characteristics of the flow system. 
Looking at velocity profiles Kouwen (7) indicated that 
' flow field should be separated into two areas: the flow out-
side the vegetation cover and flow inside it. He further indi-
cated that a logarithmic profile was suitable to describe flow 
outside vegetation. Mathematically this velocity profile, U(y), 
can be expressed as: 





K = Von Karman's turbulence coefficient; 
y'= intercept on y axis where U(y} = 0, L; and 
y = distance from channel bed. 
Rouse (8) indicated that y' is probably dependent on: 
(7) 
with v being the kinematic viscosity of fluid. 
Since the shear velocity, u*' equals~ Kouwen expressed 
U(y}/U* as the dimensionless function: 
h/yn] ( 8} 
where: 
E = modulus of elasticity of material making up roughness 
-2 
element, FL ; and 
d f f 
. . 4 
I= secon moment o area o its corss section, L. 
Kouwen referred to the ratio yn/h as the relative roughness 
and considered it to be a pertinent parameter in the evaluation 
of the retardance coefficient. He further indicated that 'n' 
is primarily a function of the relative roughness and that n 
vs. VR is not satisfactory for artificial grasses. 
From the two regions of flow Kouwen and Unny (7, 9) arrived 
at the expression: 
(9) 
They also approximated the relative roughness term by A/~ with 
-9-
A and Ab being the total flow area and the area blocked by the 
vegetation respectively. The final equation took the form: 
(10) 
They found that the constant c1 was dependent on the density 
of the vegetation and considered the constant c2 to be a func-
tion of vegetation stiffness. 
Phelps (10), working with a turf surface, looked at hydrau-
lie resistance in terms of Darcy's roughness coefficient f. 
Izzard (11, 12) has concluded that f varied inversely with the 
Reynold's number, Re. Izzard also found that for steep slopes 
and Reynold's number, Re, between 200 and 2,000 the relationship 
between f and Re could be represented in form: 
f •Re= constant 
Phelps using dimensionless analysis arrived at this 
dimensionless equation: 
with d = nominal length dimension representing size of flow 
passage, L. 
Based on his belief that (f • Re) is not a constant in 
laminar flow range but a function of Re with its value decreasing 
as Re increases, he came up with the formula: 
f • Re = (11) 
-10-
with S being the energy gradient. 
Fur.ther examination by Gourlay (13) of velocity profile 
indicated that for So< .OS there are three distinct layers 
of flow: 
1. A layer of virtually constant low velocity near the 
bed. 
2. A layer of rapidly increasing velocity within the 
upper grass layer. 
3. A layer of less rapidly increasing velocity above the 
grass. He further indicated that the discontinuity 
between layers two and three occurred at top of grass 
and that all grass bending occurred in layer two. The 
velocity in the bottom layer was found, in general, 
to be proportional to shear velocity, u •. When the 
S > .OS, layers two and three merge together forming 
0 -
a two layer appearance. 
In regard to hydraulic resistance Gourlay indicated that 
on steep slopes the slope is a parameter in defining the retar-
dance to flow. He believed that this was a gravitational ef-
feet due to the fact that grass will tend to bend downhill due 
to its weight. Ree and Palmer in their plots of n versus VR 
did not have slope as a parameter. 
In a later paper Kouwen and Unny (14) verified the loga-
rithmic formula for velocity profile but they found large 
variation in Von Karman's turbulence coefficient. They also 




-1 = average velocity on top of grass, LT ; and 
= local shear velocity, LT-l 
In evaluating the local friction factor, fk, Kouwan and Unny 
found a constant value for flow with erect vegetation and 
another for it being prone. The former has a value of friction 
factor, for cases studied on artificial grasses, more than five 
times greater than that with prone vegetation (1.4 to .25). 
They also found that fk and Manning's n were primarily a func-
tion of relative roughtness, y /h, for the flow with erect 
n 
vegetation while for prone cases fk appeared to be a function 
of Reynold's number, Re. 
Kouwen and Unny defined a dimensionless parameter 
(mEI/pu*
2
) 1/ 4/h which relates the amount of bendin9 to the 
boundary shear. Their resulting relationship takes the following 
form: 
k 3.57 = h -h-
EI 1/4 (-m-) 
2 
pU* 
- .286 (13) 
where: 
h = height of roughness element, L; 
k = deflected height of roughness element, L; and 
m = number of roughness elements per unit area of channel 
bed. 
For flow through tall vegetations, Li and Shen (15) studied 
the effect of pattern arrangement on the drag coefficient, Cd. 
They indicated that the best estimate for Cd of an individual 
-12-
cylinder is 1.2 provided that: 
1. no aeration exists behind the cylinder; 
2. there is no blockage effect; and 
3. the flow is subcritical. 
However, this local drag coefficient for a single cylinder 
could be different in a multiple cylinder arrangement. 
The recent work by Thompson and Roberson (16) advanced 
the concept of the three zones of velocity distribution. The 
zones defined are: 
1. A viscous sublayer of height o' occurring adjacent to 
channel bottom. 
2. A zone below the top of the roughness elements of 
height, k, and above the viscous sublayer which is 
considered to be influenced by intensive turbulence 
mixing. 
3. A zone above the top of the roughness elements which 
is considered free of local wave effects. 
The velocity distribution in the viscous sublayer, U(o'), 
was approximated by: 
U ( o') = U*y 
u* v 
(14) 
The local shear stress, T I at QI was found to be: s ' 





Uo' = velocity at limit of viscous sublayer. 
-13-
Thompson and Roberson defined roughness element concentra-
tion on the boundary, A, as: 
(16) 
where: 
N ; number of elements; 
A ; e base area of one element, L\ and 
A ; 
t total boundary area, 
L2 
They then obtained the average shear stress per unit area of 
boundary as: 
T " ; T ' ( 1 - TA) s s ( 1 7) 
where Tis a dimensionless factor defined as ratio of sum of 
areas occupied by element base and zone of separation to base 
area occupied by elements. The value of Twas determined by 
Thompson and Roberson to have a range of 2.0 to 3.0. 
They also calculated drag resistance for discrete resis-




where A is the projected area of the resistance element. 
p 
( 18) 
Most recently, Chen (17) published laboratory study results 
on flow resistance in broad shallow channels lined with Kentucky 
Bluegrass and Hybrid Bermuda grass. Data anlayses were carried 
out based on Darcy-Weisbach friction energy loss relationship 
and concluded that the friction coefficient, f, increases, 
-14-
generally, with the bed slope and decreases with decreasing 
Reynolds number. 
The presented conclusion is a very significant one for 
this work represents the first of such an extended effort to 
evaluate systematically in laboratory the flow resistance of 
real grass media in channels of various slopes. This conclusion 
also clears any possible doubt on the fact that slope of the 
channel bed is a factor affecting the resistance coefficient 
to shallow flow through grass media and that such effect is 
not a result of using artificial vegetation as Gourlay, Kouwen 
and others might be suspected of. 
Although much work has been done in an attempt of detemin-
ing the resistance factor of vegetation, the effort can be 
catagorized into two different approaches. The first group of 
works centered around using real vegetation as experimental 
media to collect data for developing empirical results which 
engineers could use under similar conditions. The leading 
researchers in this area are Ree and Palmer and their work 
has long been recognized and widely used in engineering design 
of irrigation channels and vegetative covered waterways. 
The second school of attempt, shared by investigators such 
as Fenzl, Kouwen, Unny, Izzard, Phillips, Li, Shen, Thompson, 
Roberson, and Chen aimed at developing a rational explanation 
of the existance of vegetation resistance to flow. They sought 
to confirm their theory by conducting experiments in laboratory 
flumes using rigid cylinders or flexible strips (except Chen) 
arranged in fixed patterns to simulate the vegetation under 
-15-
concern. Their published results have been extremely useful 
in helping understand the basic mechanics of flow through 
vegetations. 
In this study, a new attempt is made to closely simulate 
grass media by using flexible blades with different degrees of 
stiffness arranged in random patterns. This was done by embed-
ding these strips in molden paraffin. The experimental results 
are used to calibrate the analytical equations derived based 
on fundamental fluid mechanics principles. 
Scope of the Present Study 
As shown in the literature review some work has been done 
on hydraulic resistance due to the presence of vegetation either 
in field conditions or with simulated vegetation with defined 
patterns. However, very little work has been done in examining 
the sediment filtering efficiency of the vegetation. 
At the present time many users prefer to view resistance 
in terms of the 'n' vs. 'VR' plots provided by Ree and Palmer. 
For totally submerged flow of real grass media this approxima-
tion of 'n' is valid. When overland flow of shallow depth or 
flow of shallow depth or flow through relatively stiff grass 
media is present, Ree and Palmer's experimental results may 
not be applicable in describing the resistance to flow, for 
they did not intent to have their result being applied under 
this condition. It was therefore the intent of this study to 
relate the hydraulic resistance imposed by randomly arranged 
short dense vegetation in terms of the drag produced by the 
grass blades. The approach of using drag was attempted by 
-16-
Thompson and Roberson, and applied to tall loose vegetations 
with fixed pattern by Li and Shen. 
The flow equations developed in this study, based on consid-
erations of fundamental principles involved in open channel 
hydraulics and fluid mechanics, are to be used in the evaluation 
of the sediment trapping efficiency through vegetative filters, 
as the second phase of a continuous research effort. In order 
to be able to describe the process of sediment trapping in chan-
nels covered with real or artificial vegetation, better under-
standing of the hydraulic properties, such as profiles of flow 
velocity within the vegetative cover as well as above it, is 
very essential. For this reason, an attempt is made in this 
research report to provide a thorough description of the behav-
ior of the flow in vegetated channels, in addition to the deter-
mination of the flow resistance factor of such a channel. 

-17-
II. ANALYTICAL ANALYSIS 
The analysis of the hydraulic resistance will be divided 
into two flow areas: the flow through the vegetative media 
and the flow above it. The velocity distribution above the 
vegetation will be assumed to follow a logarithmic profile 
(7, 9) and the flow through the vegetation to satisfy continuity 
equation and laminar flow equation near the boundary region. 
The hydraulic resistance will then be explained in terms of the 
shear and drag forces imposed on the flow by the contacting 
boundary and the blades of the simulated grass. 
Velocity Profiles of Non-submerged Flow 
In examining the flow resistance in the non-submerged 
case three assumptions are made: 
1. Velocity profile is uniform in the horizontal plane 
through the gap between the simulated grass blades. 
2. Viscous shear is the dominating force in the lower 
region near the bed. 
3. The effect of curvelinear motion as evidenced by 
water weaving around individual blades is implicitly 
included in the coefficient of drag and needs not be 
considered separately. 
Figure 1 gives the representation of the assumed velocity 
profile for flow within the artificial vegetation. The laminar 
flow equation is applied between the bottom and y = 8 where 8 
Dw 
e 
Anticipated velocitY profile for non-










Anticipated velocity profile for sub-
merged flow conditions 
-19-
is the boundary layer thickness. Since v(y) = 0 at y = 0 the 
laminar flow equation is: 
2 
+~ v(y) = (y Sin 8) <~µ) (0 < y < 0) (19) µ -
where: 
y = specific weight of water, FL-
3 
8 = angle of a flume from horizontal; 
y = distance from bottom of flume, L; 
µ = dynamic viscosity of water, FTL-
2 ; and 
A= constant of integration. 
From o < y < D the velocity is assumed to equal Vm' such that: 
w 
v(y) = Vm' (o<y<D) - - w (20) 
From assumed velocity profile, the following relationships holds: 
v(y) I = Vm' 
y=o 
Substitution of Eq. 21 into Eq. 19 and solving for A gives: 
= Vm'µ 
A -6-




By substituting Eq. 22 back into Eq. 19 and letting Sine= -S0 , 
for small e, the laminar flow equation becomes: 
v(y) 
2 Vm'y 
( 6y - y ) + 6 (0 < y < 6) (23) 
where s
0 
is the slope of the flume. 
If the boundary layer thickness is known the velocity at 
any point within the boundary layer thickness can be found. In 
-20-
a laminar Newtonian fluid flow, the viscous shear, T, is 
proportional to the velocity gradient at the point of concern. 
Application of Newton's Law of viscosity and the definition 
of boundary layer thickness leads to the conclusion that shear 
at the distance of boundary layer thickness from the wall van-




µ dy I 
- 0 
y=6 
Differentiation of Eq. 23 and solving Eq. 24 for boundary 
layer thickness, 6, yields: 




with positive root being adopted based on physical significance. 
The value for Vm' can be found by first integrating the 
velocity equation with respect toy which gives the flowrate, 
qs, per unit width of flume: 
D 
qs = Ji v(y) dy + J 6W Vm'dy 
= Vm'D - le_ ~Vm' 3/ 2 
w 3,r g-
o 
By substituting continuity relationship, q = VmD, into 
s w 





Vm = mean velocity within vegetation, LT . 
(26) 
( 2 7) 
-21-
Equation 27 can then be solved by using trial and error tech-
nique for Vm' • 
Velocity Profile for Submerged Flow 
In representing the velocity profile above the artificial 
grasses the following assumptions are made: 
1. v (y) equation derived in previous section for flow 
between blades still holds true. 
2. Universal velocity equation is applicable for flow 
above vegetation blades. 
For turbulent flow the universal velocity equation is: 
1 
U(y) = k U*(ln (28 l 
Where U* is the shear velocity; D is the irregularity of the 
sr 
vegetation blade length; k is the universal constant which is 
taken as 0.4 for water flow; and ox is defined as the depth 
measured from the channel bed (y = 0) to the point in the 
flow where the logrithmic velocity profile initiates. This 
depth is expected to be slightly smaller than the average 
height of the simulated grass blades, Os. Figure 2 gives a 
representation of the flow profile for the submerged case. 
To satisfy the boundary condition at the tip of the blades 
the velocity should be equal to Vm', or: 
Vm' 1 = k u* (ln 
Solving Eq. 29 for ox yields: 




By substituting the above equation into Eq. 28 the velocity 
profile for water flow above the vegetation is obtained as: 
D + ea 





a = + ln (D ) 
u* sr 
(32) 
When integrated over a range of y from Ds to Dw the result will 
give the discharge through the part of the flow area above the 
grass media. This can be mathematically expressed as: 
(33) 
By substituting Eq. 31 into Eq. 33 and carrying out the integra-
tion for the discharge above the grass media it yields: 
1 { a a a = k u* (Dt + e) Ln(Dt + e) - cre - Dt - Dt ln(Dsr)} 
(34) 
where: 
Dt = depth of water above vegetative cover. 
Hydraulic Resistance Analysis 
A. Basic Equation. The hydraulic resistance due to 
vegetative channels can be derived by using the momentum equa-
tion. Figure 3 gives a representation of different forces 














w = weight of water in control volume, F; 
Fd = drag force due to grass, F; 
Fb = force due to bed shear, F; 
F = ws force due to wall shears within vegetation, F; 
F = force due to wall shears above vegetation, F; wt 
w = weight of water in control volume (V - v ) y w s ' 
v = volume of water in L, L3; w 
L = length of section under consideration, L; and 




The hydraulic resistance for nonsubmerged case can be de-
rived from Equation 35 as the term Fwt vanishes. 
B. Drag Force. The drag force resisting the flow due 
to the blades can be expressed as: 
where: 
Nb= number of blades in Vw; 
Vm' 2 
-2- (36) 
As= cross sectional area blocked by vegetation, L2 ; and 
Rd= drag coefficient for blades. 
c. Bottom Shear Force. The resisting force due to the 
shear along the bed is: 
where: 
Tb= bed shear, 
~·= bed area, and 
(37) 
-25-
A = projectional area of blades on bed. 
p 
The expression for the bottom shear, 'b' is derived from 
Eq. 23 using 'bly=O = µdvd~l or: 
(38) 
The final expression for the resisting force due to bottom 
shear then becomes: 
(39) 
D. Wall Shear. The resisting force due to sidewall shear 
within the begetative cover is given by: 
Fws 
where: 
= 2, DtL ws 
. -2 
, = wall shear within vegetation, FL . 
ws 
For the sidewall shear within the vegetation the following 
assumptions are made. 
1. Laminar flow is present. 
2. The vertical velocity distribution is uniform. 
3. The shear due to bottom is negligible. 
( 4 0) 
Figure 4 gives the forces acting on a volume element of fluid. 
By summing forces and setting them equal to zero: 
pohoy - (p +~oil ahoy - ,oyoi + c, + :~ oh)oyoi + 




Fig. 4 Schematics of forces acting on an 




-2 p = hydrostatic pressure, FL ; and 
h = distance from sidewall, L. 
Integrating Eq. 41 and setting T = µ dV/dh: 
T = h[:t (p + yy)] + B = µ~~ 
Solving equation 42 for velocity distribution in horizontal 
direction results in: 
V(h) =Vm'h+ 1 [h2-ah] a 2µ 
a [ar <P + yy)J 
where: 
a= distance from sidewall to first row of vegetation 
blades next to the wall. 
a Since a[ (p + yy)~ - yS
0
, the shear expression, ,, becomes: 
s Vm'µ_yo 
T = -- (2h -a) a 2 
( 4 2) 
( 4 3) 
(44) 
At the wall h = 0 which, when substituted back into Eq. 44 
gives the wall shear expression: 
T ws 
Vm'µ a 
= a + 2 ySo ( 45) 




'wt= sidewall shear above vegetation, FL 
(46) 
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For expressing the sidewall shear above the vegetation an 





n = Manning's n value for the wall, w 
( 4 7) 
Vt= mean velocity in the region above the blades, and 
Rt= hydraulic radius in region above blades. 
The velocity in the region above the vegetation, Vt' equals 
the flow rate above the blades per unit width of flume divided 
by the water depth above the vegetation, Dt. By applying the 
continuity equation the resulting expression for qt is: 
where: 






[Vm'D - 1/3 /2µ/yS Vm 13/ 2 ] 
S O 
w = width of the channel; L, c 
(48) 
B = cross sectional open flow width beneath the vegetation, op 
L; and, 
Q = total discharge in the channel, L3T-l. 
E. Final Form of Drag Equation. By substituting the 
force expressions back into the basic drag equation and consid-
ering a 1 foot length of flume (L = 1'), the final form of drag 
equation for submerged flow is: 
Vm 12 
-2- + 
2/µySOVm'/2 (1\,' - AP) + 2 [v:•µ + ~ ySO] Ds + 
2 [ 






For the case of non-submerged flow the last term does not 
apply and the expression for the drag coefficient of the vege-
tation becomes: 
(A I - A ) 
b p 
- A) - 2T D p ws w ( 50) 
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III. EXPERIMENTAL FACILITIES AND PROCEDURES 
The experimental apparatus consisted of a 16-foot (4.88m) 
long rectangular flume which was 0.481 feet (0.147m) wide by 
1.5 feet (0.457m) deep. At one end was a reservoir 4 feet 
(1.22m) high by 1 foot (0.304m) long with a 1 inch (25.4mml 
sluice gate opening connected to the reservoir and the main 
flume. Water was supplied into the reservoir from a constant 
head pit through a 3 inch (76mm) pipe. Figure 5 is the schematic 
drawing of the facility. 
One wall of the flume was build of 1/2 inch (12.?mm) plexi-
glass for visual observation while the other wall was made of 
1.2 inch (12.?mm) plywood. Two pieces of planed 2 inch by 
6 inch (5lmm x 152mm) l.umber was used for the bottom of the 
flume. The bottom was lined with 1-1/2 inch (38.lmml thick 
modeling clay upon which units of the artificial vegetation was 
fixed. The flume rested on a 6 inch (152mm) I beam which was 
supported by a hinged platform at one end and a screw jack at 
the other. The jack could be adjusted to give slopes from 0% 
to 9.0%. Figure 6 is a general arrangement of the laboratory 
setup. 
Three types of artificial grasses were used. Polypropylene 
coffee sticks with dimension of 5-1/4 inch (133mm) by 1/4 inch 
(6.4mml by 1/16 inch (1/6mm) were used as one type. The other 
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of 0.0008 feet (0.24mm) and 0.0003 feet (0.09mrn) in thickness. 
The individual blades were embedded in paraffin by first 
heating the paraffin to a liquid state and pouring it into 
a 5-3/4 inch (146mrn) by 4 inch (102mm) rectangular mold. The 
blades were placed in the hot paraffin by means of fixing two 
wire mesh over the mold and randomly dropping in the blades. 
The paraffin with the embedded artificial grasses was then 
cooled and fixed upon the modeling clay with screws. 
The independent variables in the experiments were slope, 
discharge, grass density and grass stiffness. The dependent 
variables were water depth. The experiment was divided into 
A, B, C and D series. Series A was with the stiffest media 
(polypropylene sticks) used with a density of 8.5 blades/inch2 
(131.7 blades/dm2 ). Series B was with the stiffest media with 
15.5 blades/inch2 (240 blades/dm2 ). Series C and D were with 
different stiffnesses and 8.5 straws/inch2 (131.7 blades/dm2 ) 
density. For each series, the flow resistance measurements 
were made first and consisted of taking water depth measurements 
with an electronic point gauge for various slopes and flow rates. 
In the series C and D experiments non-submerged flow was done 
first then submerged flow followed repeating non-submerged 
conditions. The reason for repeating was to observe the effect 
of bending of the artificial vegetation. 
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IV. DISCUSSION OF RESULTS 
In presenting the results of this study the data will first 
be viewed in terms of n vs. VR plots as suggested by Ree and 
Palmer. The ratio of the average velocity to shear velocity 
vs. the natural log of the ratio of total flow area to the 
area blocked by vegetation (V/U* vs. ln A/Ab) as proposed by 
Unny and Kouwen are also presented for a possible comparison. 
The data will then be analyzed in terms of the drag imposed on 
the flow by the grass blades. The variation of drag coefficient, 
Rd, with the Reynold's number will be presented. Before the 
results are presented an explanation of the method of solution 
for pertinent variables will be given. 
Solution to Various Parameters 
A. Mean Velocity. In computing the mean velocity within 
the vegetation, a correction had to be made due to the velocity 
distribution in the gap between the blades and sidewall. The 
velocity distribution in the horizontal direction is given by 
Eq. 43 as: 





a= distance between first row of blade and sidewall, L; 
and, 
h'= variable distance from sidewall, L. 
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To find the unit flow rate, qa' in the gap between the sidewall 
and the blades, a, the above equation is integrated with respect 
to h': 
fa Vmh
12 yS h'2 h'3 la 
qa = v (h') dh' = 2a + -2 [-a- - -I 0 2µ 2 3 0 
Vma 
yS a3 
= + 0 -2- 12µ (52) 
The flow within the grass, qs'• is given by: 
( 5 3) 
where: 
N' = average number of blades in a single row across the 
flume, and 
gp = average gap distance between two adjacent blades in 
a row, L. 
The total flow below the top of grass, Qs' equals to qs' plus 
2q or: a 
where: 
Qs = total discharge within vegetation, LJT-l 
Solving EQ. 54 for Vm results in: 
a3 
Qs - 6µ ySO Ow 




B. Average Gap Width. In arriving at an expression for 
determining the average gap between blades (flow opening), gp, 
for randomly arranged blades four different blade orientations 
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as shown in Figure 7 were considered. The average projected 
width of a blade, Lavg' is: 
L = (W + T + L
3 
+ L4 )/4 avg s s 
(57) 
where: 
w = blade width, L; s 
Ts = blade thickness, L; and 
\ 
L3 = L4 + (W ) sin 45°, L. s 
1 
The number of blades per linear foot equals (~L~~-=-~-) + g and this 








D = number of blaeds per unit area, 
sg 
or solving for gap width, g: 
p 
= 





( 5 8) 
(59) 
Ree and Palmer, in working with grass channels, arrived 
at a means of expressing hydraulic resistance. They proposed 
that Manning's n, value be plotted against VR which gives a 
smooth curve for submerged conditions. In Figures 8 through 
11 then vs. VR curves for authors' data is plotted for various 
stiffnesses and densities of grass. In then vs. VR plots only 
the downsloping part of the curve which represent submerged 
flow conditions, is readily apparent following a definitive 
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Fig. 7 Four representative vegetation blade 
orientations 
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that can be drawn is that the Manning's n increases as depth 
increases. This is just the opposite of what occurs for the 
submerged flow case. 
In examining the constructed plots one can notice the 
dependency of the curve on the bed slope. The Manning's n 
vs. VR plots by Ree and Palmer were originally believed to be 
independent of slope. However, Gourlay and Chen in their 
experiments with artificial and real grasses respectively noticed 
the dependency of n vs. VR curves on slope. If comparison is 
made of the extent of dependency of curves on slope, it is seen 
that for the stiffest simulated vegetation used there is a 
great difference. However, for the least stiff vegetation the 
variation between the curves is small. The least stiff grasses 
used closely approximate the flexibility of real grasses. 
Therefore, this leads the author to believe that in real grass 
experiments with large flows, such as those conducted by Ree 
and Palmer, then vs. VR dependency on slope is small and for 
the most part negligible. 
U/U* vs. ln A/Ab 
Kouwen and Unny in analyzing their data arrived at a 
representation of the velocity profile as: 
!!..!.Yl = C + C ln Yn 
u* 1 2 1i""" 
(60) 
Equation 60 is in the same form as Eq. 28 derived in the 
section on Analytical Analysis of this report. Kouwen and Unny 
approximated y /h by the ratio of total flow area to area 
n 
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In analyzing the data taken in this study, V/U* is plotted 
against ln A/~ where the shear velocity, U*, is calculated from: 
U = lgR'S (60) * 0 
Figures 12 and 13 show these plots. For the stiffest vegetation 
a straight line can be drawn through the points. This indicates 
that the velocity in the flow area above the blades may be 
represented by the logarithmic flow formula. However, in the 
plots for the medium and leas·,: :;t:Lff simulated grass there is 
a scatter of points. This occurrence agrees with Kouwen and 
Unny who found that A/Ab approximates yn/h only for the case 
when the vegetation is erect. However, the use of the logarithmic 
flow formula is still believed to be a good approximation of 
the velocity profile in the case of prone vegetation. Table 1 is 
part of the analytical results of the data based on this analysis. 
Hydraulic Resistance 
A. Non-submerged. For the condition where the water 
depth is below the top of the vegetation, the drag resistance 
to flow due to the presence of vegetation can be calculated 
from the reduced form of equation 50: 
(Ab' - Ap)yS 0 - 2lµyS 0 Vm'/2 (Ab' - AP) - 2Dw(~ + ~yS0 ) 




All the parameters in the right-hand side of Eq. 61 are measur-
able or constant quantities except for Vm'. By solving Eq. 55 
for the mean velocity below the top of the vegetation, Vm, the 
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Fig. 12 Plots of U/U* VS Ln(A/AB) for stiff 
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Fig. 13 Plots of U/U* vs Ln(A/A8 ) for flexible 
grass blades 
TABLE 1: Analytical Results of Data Using Kouwen and Unny Approach 
:, LOPE OF 1-LUME =- o.0400FT/FT 
uEh~lTY uF SlHULATED GRASS = 1224.0000BLADFS PER SQ. FOOT 
t1tll,HT UF SlMllLATf:O bRASS =- U.3920FT 
Q OW VA 1/C, 1/R N S.1/EL. 1//U* LNIA/ABI 
v .0306 (J.l8b0 0.3249 u.Oc,O l 0.2968 0.4879 O.M,5'1 Oob562 
U.0374 0.2050 0.3615 (J.0736 0.2844 0.5120 0.7061 o.o5e2 
0.0403 O.ll70 0. 3C>8b 0.0794 0.2897 0.5267 Ct.6999 0.6582 
G.0437 0.2240 0 • .:1879 0.0862 0.28]0 o.5349 0.1252 0.6582 
o.u .... 1 0.2210 o.;;ao:s 0.01:no 0.2847 0.5365 0.7174 0.6562 
0.0 .. 1;2 0.2!>20 0.3804 0.0951 0.::1100 0.5675 O.b104 0.6582 I 
U • .2610 0.3799 u.L91:l4 0.3118 0.5775 0.6579 O.b582 
... u.04'1'1 °' 0.0511 0.2750 (J.3686 0.1007 0.3390 o.5929 O.b221 O.t,582 I 
o.C53b u.2920 0.3640 u.1055 0.3576 0.6110 0.5957 0.6582 
(1.0557 0.3020 0.3657 0.1096 0.3640 0.0213 0.5885 0.6582 
0.051,. C,.301l0 0.3695 0.1130 0.3649 0.6rl5 0.5889 C.65b2 
Ci .0':>9'> 0.3220 0.3660 0.1170 0 .3796 0.6416 0.5705 0.6582 
0.0624> 0.3380 (,.3657 0.1221 0.3923 0.6573 0.5564 0.6582 
o.Ob9't u.3440 0.4028 o.1374 0.3602 0.6628 0.6077 0.658.<e 
u.0113 0.37&0 0.401:lb 0.1531 0.3780 O.t,947 0.5883 0.658:d. 
u.084.., o.:;a40 0.4412 0.1677 0.3536 O.b',196 O.b304 O.b58.2 
u.135t> 0.4390 o.:n .. 3 0.2484 0.2960 o. 74o't 0.7b94 0.7714 
0.15t8 0 .4540 Cl.t>J,O 0 • .2824 0.2743 0.7582 0.8346 0.8050 
0.17B4 0.4>66(1 0.6782 u.3101 0.2601 0.7b74 0.8837 o. 8311 
o.1s19 0.4710 0.101.2. 0.3237 0.2532 o.7711 C,.9093 o.8418 
v.2u~.7 0.47t>O o.746:t. 0.3475 0.239:0, o.7744 0.963b 0.8523 
0.2 .. :t.e O.'t9b0 o.e2e1 o.400b 0.2209 0.7890 1.0502 0.8935 
0.274't 0.5130 0.8852 o.4413 0.2111 o.eo14 1.1046 0.9272 
0.3085 0.5230 0.9641 O.'t881 0.19'58 0.1:1015 t .1938 0.9465 
o.3285 0.5320 0.9983 o.5132 0.1910 0.8137 1.2269 0.9636 
o.3480 0.5370 1.041'1 o.5394 0.1839 0.8166 lol759 c,.9729 
o.373& 0.5450 1.0929 0.5727 0.1767 0.8215 l.3303 0.9877 
0.4037 0.5610 1.1277 0.6071 0.1744 0.8327 1.3543 1.0166 
U.4374 o.5730 1.1821 0.6480 0 .1684 0.8403 1.4069 1.0378 
SLOPE OF FLU"E = 0.0350FT/FT 
OE~SITY OF Sl"ULATED GRASS = 1224.COOOeLADES PER SQ, FOOT 
HEIGHT OF Sl~ULATED GRASS = 0.3920FT 
Q DW I/AVG VR N S. V El. V/U* LNIA/ABI 
0,03t8 C.2340 C, 311 C 0.0723 0,3379 0,5119 0,6077 0,6582 
0,0399 0,2450 0,3232 C,C786 C,3353 0,5237 0,6171 0.6582 
SLCPE CF FLU"E = 0.0400FT/fT 
DENSITY OF Sl,.ULATED GRASS = 2232.00CCeLAOES PER s,. FCOT 
HEIG~T OF Sl~ULATEO GRASS = 0.3920FT 
0,0071 0,0860 0,2749 0,0235 0,2099 0,3320 0,8280 0,3578 
0. 0 l 16 0,1510 0. 2 5 76 0,0387 0,3262 0.4400 0,5854 0, 35 78 I 
0,0162 o. 1e 80 0,2887 C.C54C c. 3366 C,4908 0,5883 0,3578 "" -..] 
C,C204 C,2240 C,3047 0,0679 0,3584 0.5356 0,5689 0,3578 I 
0,0218 0,2450 C,29E4 C,C727 0.3885 0,5602 0,5327 0,3578 
O,C241 C,2660 0, 3037 0,0803 0,4C32 C,5337 0,5203 0,3578 
0,0326 0,3390 0,3228 C,1088 C,4459 0,6587 o.4901 0.3578 
0,1135 0,4530 0,6345 0.2825 0. 27 31 0,7573 0,8378 0,5024 
0, 1383 0,462C 0,7357 0.3327 0,2380 0,7631 0,9641 0,5221 
0,1971 0,4880 0,9214 0,4362 C. l <; 59 C,7809 1,1799 0,5769 
0.2644 c.5oc;c 1,1258 0,5499 0, 1637 0,7932 1,4192 0.6190 
SLCPE CF FLU"E = 0,0350FT/FT 
DENSITY CF Sl,.ULATED GRASS = 2232,0000ELAOES PER SQ, FOOT 
~EIG~T OF Sl,.ULATED GRASS = 0,3920FT 
0,0071 0.0940 C,2517 C,0235 0,2276 0,3247 0,7751 0,3578 
0,0116 0,1560 0,2498 0,0388 0,3215 0,4183 0.5971 0,3578 
C,Cl58 0,1980 0,2673 0,0527 0,3520 0,4712 0,5674 0,3578 
0,0204 0,2340 0,2921 0,067', C,3600 0,5120 0.5704 0,3578 
0.0210 0,25CO C,2816 C,0700 0,3903 0,5293 0,5320 0.3578 
0,0241 0,2760 0,2931 C,0804 0.4005 0,5561 0,5271 0,3578 
0,0326 C,3590 o. 30 51 o. 1089 0,4583 0,6341 0,4812 0.3578 
SLOPE Of FLUl'E = C.C3COFT/FT 
DENSITY CF SIMULATED GRASS = 2232.0000eLAOES PER SQ. FOOT 
HEIGHT OF SIMULATED GRASS = 0.3920FT 
Q ow VA \/G VR " S .VEL. VIU* LNIII/ABI 
C.C071 c.1040 0.2211 c.0236 0.2492 o.3162 0.7200 0.3578 
0.0111, 0.1670 0.2336 o.c3ee c.3330 C.4007 0.5030 0.3578 
0.0156 0.25CO C.2087 0.0520 Q.4882 C.4904 0.4254 0.3578 
0.0204 0.2550 o. 2682 O.C6BO C.3844 0.4949 0.5420 0.3578 
C.C24l c. 2920 0.2774 C.0805 0.4067 0.5295 0.5239 0.3578 
0.1135 o.4620 0.601tl c.2736 c. 2513 C.6615 0.9133 0.5221 
c.1303 0.4710 0. 7021 0,3226 0.2183 0.6662 1.0540 1.5414 
c.1911 o.so10 o. 86et, 0.4204 C,1827 0.683'3 1.2703 0.6031 
0.2644 0.5260 1.0498 o.5273 0. 1549 0.6966 1.5070 0.6518 1 ... 
CX) 
l 
SLOPE Of FLUl"E = 0.02~0FT/FT 
OE~SITY OF Sll"ULATED GRASS = 2232.0000eLADES PER SQ. FO~T 
HEIGHT OF Sll"ULATED GRASS = 0.3<l20FT 
0,0071 c.12co 0.1974 0.0236 0.2887 0.3102 0.6366 0.3578 
0.0156 0.2500 0.2092 0.0521 0.4443 0.4476 0.4674 0.3578 
c.0204 0.2110 0.2528 0.0601 0.3877 o.4656 0.5428 0.3578 
0.0241 0.3230 c.2s10 C.C806 0.4389 0.5084 0.4937 0.3578 
SLOPE OF Fll;l"E = 0.0200FT/FT 
DENSITY OF SIMULATED GRASS = 2232.COCCeLADES PER s,. FCOT 
HEIGHT OF Sll"lLATEC GRASS = 0.3920FT 
0.0015 0.1560 0.1608 o. 02 50 0.3777 Q.3164 0.5084 0.3578 
Q.0154 0.2110 C.1907 O.C514 0.4599 Q.4168 0.4577 0.3578 
0.0200 0.3070 0.2188 0.0668 0.4355 0.4434 0.4934 0.3578 
0.1303 C.4960 0.6230 0.3004 0.2074 o.ss12 1.1101 0.5931 
0.1971 0.5250 0. 78 55 0.3961 0.1695 Q.5699 1.3784 0.64<l9 
0,2644 C.5560 o. 93 81 0,4947 o.1462 0.5828 1.6097 0.7073 
SLCPE CF FLU"E = 0.0150FT /FT 
DENSITY OF Sl"ULATED GRASS = 2232.COOOeLADES PER SQ. FCOT 
HEIGHT OF SI"ULATED GRASS = 0.3920FT 
Q ow VAVG VR N S • V EL. V/U* LIIIIA/ABI 
O.CC75 0.1820 0.1381 0.0250 0.4222 0.2960 0.4667 0.3578 
0.0154 0.2920 0.1774 c.os1s 0.4499 0.3746 0.4737 0.3578 
SLOPE Cf FLU"E = 0.0250FT/FT 
DENSITY OF Sl"ULATEO GRASS = 1224.0000eLADES PER SQ. FOOT 
HEIGHT OF Sl"ULATED GRASS = 0.3920FT 
0.0368 o.2660 C.2778 Q.0734 0.3482 0.4611 0.6024 ().6582 I 
0.0399 0.2970 o.26c;J 0.0195 C.3866 C.4873 0.5527 0.6582 
,,,. 
"' I 
SLOPE OF FLUl'E = 0.0300FT/FT 
OENSITY OF Sl"ULATED GRASS = 1224.COCCeLADES PER SQ. FCOT 
HEIGHT OF Sll'ULATED GRASS = 0.3920FT 
0.0279 0 .1820 0.3057 0.0552 o.2Mn 0.4178 0.7316 0.6582 
o.0316 o.1930 0.321!5 O.C629 C.2603 0.4301 0,7637 0.6582 
0.0391 0.2330 c.3370 0.0119 0.2876 C,4725 0.7133 0.6582 
0.0428 C.2600 C,3306 0.0053 0.3.155 0.4992 0.6623 0.6582 
0.0495 0,2840 0.3509 C.C988 ·O, 3151 0.5215 C.6728 0.6582 
0.0511 o.3120 C.3289 o.1<H8 0.3581 0.5468 0.6014 0,6582 
0,0578 Q.3380 o.3440 0, 1153 0.3610 0,5690 0.6045 0.6582 
0.0615 0.3560 0.3480 0.1228 c".3694 0.5839 0. 5959 0.6582 
0.0661 0.3760 0,3543 0.1320 0,3762 0.6000 o.5905 o.6582 
Q.0769 0,3920 C.3979 o.1543 0.3440 0.6121 0.6501 1).6582 
o.1655 0,4730 C.6129 0.2841 C.2515 0.6691 0,9159 0.8460 
0.1925 0.4850 0,6826 0.3233 C.2291 C.6764 1,0093 0.8711 
0.2104 C.4910 C, 73 C5 0.3493 o.21ss 0.6796 1.0748 0.8834 
0.2299 o.5050 o.7613 0.3130 0.2104 C.6887 1.1055 0.9115 
c.2101 0.5180 0.8592 o.4303 0.1889 0.6955 1.2355 0.9369 
0.3177 c.5360 0.9539 Q.4913 C.1734 o.7')54 1.3523 0.9711 
C.33e5 0.5440 0.9925 0.5176 0.1680 o.1oc;a 1.3983 0.9859 
C.36Cl C.5510 1.03'-6 C.5450 0.1622 0.1133 1.4505 o.9987 
0.3805 o.5590 l.06S6 c.5697 C.1584 Q.7177 1.4890 1.0131 
c.t.ooa C.5670 1.1011 o.5941 o.1549 0.1220 1.5252 1.0273 
Q.4229 0.5740 1.1397 C.6209 C.1506 o.7254 1.5711 1.0396 
0.4449 Q.5810 1.1769 o.6472 o.1468 o.12a9 1.6147' 1.0517 
O.C368 o.2550 C.2869 0.0121 0.3592 C .4 ;4 7 0.5800 o.6582 
O.C399 0.2110 0.2933 0.0190 0.3658 C.5099 C.5752 0.6582 
SLCPE CF FLU~E = c.c2ccFT/FT 
OE~SITY CF Sl~ULATEO GRASS = 1224.0000eLAOES PER s,. FOOT 
~EIG~T OF Sl~ULATEC (RASS = Q.392CFT 
I 
Q cw VAVG VR N S.IIEL. V/U* LNIA/A01 U1 0 
C.0116 0.1510 C.15C5 O.C226 C.3952 C.3113 0.4833 0.6582 I 
c.c2oe 0.2260 C.ll'l23 0.0410 0.4265 0. 380 7 0.4789 0.6582 
0.0233 C.2460 c.10ec c.0460 C.4376 C.3971 0.4734 o.~s02 
0.0254 0.2710 0.1857 0.0501 0.4724 C.416!3 0.4456 o.6582 
O.C295 0.2880 C.2048 c.cse1 C.4460 0.4295 0.4767 0.6582 
C.0391 0.3070 0.2578 0.0786 C.3692 0.4430 0.5619 0.6582 
C.C428 C.3260 C.2665 0.0862 c.3716 0.4564 0.5838 0.6582 
c.0449 0.3470 0.2623 0.0903 C.3937 C.4709 o.5569 0.6582 
c.csc;9 C.3650 C.3363 0.1214 0.3168 0.4821 0.6975 0.6582 
C.C678 0.3840 0.3629 0.1376 C.30_34 C.4942 0.7343 0.6582 
C. 1863 0.5070 0.6127 0.3022 0.2141 0.5636 1.0872 0.9154 
0.2241 0.5210 C.7C47 0.3548 C.1887 0.5694 1. 2 3 75 0.9427 
0.2532 0.5380 o.1ssa 0.3'H5 · C.1793 o .5775 1.3087 c.•n4e 
C.2707 o.5480 o.7845 C.4130 C.1746 0.5822 1.3475 0.9932 
0.3106 0.5610 0. 86 75 0.4644 0. 1597 C.5871 1.4776 1.0166 
0.32Sl C.56<;0 C.8963 0.4854 0.1558 0.5906 1.5176 1.0308 
0. 34<;7 0. 5760 0.9374 o.s122 C.1498 0.5932 1.5804 1.0430 
G.3871 0.5890 1.0028 o.5570 0.1416 0.5981 1.6767 1.0654 
0. 4075 o.sc;6o l.03E:8 C.5809 0.1378 O.E:007 1.7260 1.0772 
0.4191 o.6ogo 1.0323 C.5912 C.1404 O.f:C73 1.6997 1.0987 
o.03E:B 0.2860 C.26C7 O.C740 0. 34 82 0.4275 0.6097 0.6582 
Q.0399 0.3230 0.2498 o.oso1 o.3942 0.4545 C.5497 0.6582 
SLCPE CF FLU"E : 0.0150FT/FT 
DENSITY OF SIMULATED GRASS = 1224.000CeLAOES PER SQ. FOOT 
HEIGHT OF Sl"ULATED GRASS .. 0.3920FT 
Q Olli VAVG VR N S .VEL. V/U* LNIA/ABI 
0.0075 0.1250 0.1112 0.0146 o.3874 0.2454 0.4778 0.6582 
o.0096 0.1340 0.1418 o.0189 0.3353 0.2539 0.5584 0.6582 
0.0121 0, 1650 0.1455 0.0239 0,3754 0,2818 0,5162 0.6582 
0,0146 0,1890 0,1538 O,C290 0,3885 0,3015 0.5102 0,6582 
0,0179 0,2170 0,1654 0,0357 0,3962 0,3230 0,5120 0,6582 
c.0200 C,2410 0,1663 0,0399 0.4226 0,3404 0,4885 0,6582 
0.0249 0. 27f,O 0.1824 C,C501 0.4213 C.3l:41 0.5011 0.6582 I 
C.C304 0,3140 C.1959 o. 0611 0,4275 0.3882 o.5045 0,6582 (.J1 r' 0.0353 0.3310 0.2134 C.0714 0.4111 C,4020 0,5308 0.6582 I 
0.0387 0,3510 0,2247 0,0783 0.4010 0.4102 0.5478 0.6582 
0,0432 0,3770 0,2344 0.0877 C,4030 0,4250 0.5515 0.6582 
0,2345 0,5550 0,6662 0,3556 0,1798 0,5077 1,3120 l,0059 
C.2495 0. 5610 0,69f:8 0,374<J C,1728 0,5098 1,3669 1, 0166 
0,2823 o.5740 0,7609 0,4164 0.1600 0,5141 1,4802 1,0396 
0,2956 0,5790 0.7862 0,4329 0,1555 0,5157 1,5246 1,0482 
0,3102 0,5890 0,8035 0,4493 0,1537 0,5197 1,5462 1,0654 
C,3285 0.5950 0,8379 0.4716 0.1481 0,5214 1.6070 l.0755 
0.3426 0.6040 0,8544 o.4873 0,1465 0.5249 1,6277 1,0905 
0.3500 0,6120 0,8753 o.5048 0,1441 0.5278 1,6584 1.1037 
0.3751 0,6l'l0 c. <J015 0.5244 C.1407 0,5301 1.7008 1. 1150 
c.3909 0,6270 0.9218 0.5419 0,1386 0.5329 1.7297 1,1279 
o.0368 0.3130 C.2405 0.0747 0.3469 0.3872 0,6212 0,6582 
0.0399 0,3540 0,2303 C,C8C9 0.3935 0,4119 0,5590 0,6582 
SLCPE CF FLUl'E = 0.0400FT/FT 
DENSITY OF SIMULATED GRASS = 1224.0000eLADES PER SC. FOOT 
~EIGHT OF Sil'ULATEO GRASS = 0.2110FT 
Q ow VAVG VR N S.VEL. V/U* LN(A/ABI 
0.0129 0.0~70 0,4274 0.0241 0.1023 C,2697 l,5850 0.7084 
0,0177 Q.C890 0,3714 0.0328 0, l 587 0.3373 l, 1012 0,7084 
0.0239 C,1350 0.3279 O.C440 C.2375 C,4157 0,7888 0.7084 
0.0295 0.1300 0.4294 0,0553 o.1765 0.4072 l,0543 0.7084 
0.0416 0,2110 0,361!4 C,0771 0.2845 0,5193 0,7093 0,7084 
0,0447 0,2340 0,3436 0.0799 0, 3270 0.5471 0.6280 0.8119 
O.C~47 C,2450 0, 3875 O,C942 0,2987 0.5595 0.1>927 0.8578 
0.0628 0,261>0 0.3873 c.1022 C.3156 0,5829 0,6644 0,9401 
C,C707 C,21t:C 0,4107 0,1124 0,3049 0, 59 3 6 0.6920 0,9770 1 U1 
o.0936 0,2860 0.5138 0, 1451 C,2490 C.6032 0,8518 1,0125 N 
) 
0.1393 0,3090 0.6792 0,2059 0,1975 0,6249 1,0868 1,0899 
0. 1622 0,3140 C,7718 0,23t8 C,1752 0,6286 1,2278 1,1060 
0,1933 C,3180 0,9031 0.2789 C,1503 C.6307 1,4320 l, 1186 
0,2079 0,32t0 C,93cl 0,2958 C,1473 C ,638'.) 1. 46 7 2 1,1435 
0,2308 0,3350 c. 99 86 0,3233 0, 1403 o.t457 l,54c5 1.1707 
0,2640 C,3500 1.0729 0,3614 0,1.341 0,6587 1,6288 l,2145 
SLOPE CF FLUl'E = 0,0350FT/FT 
DENSITY OF SIMULATED GRASS = 1224,COOOeLADES PER SC, FCOT 
HEIGHT OF SI~LLATED GRASS = 0,21 lOFT 
0.0139 o. 0630 0,4212 0,0263 0, 10 38 0,2651 1,5887 0,7084 
0,0177 o. 1020 0,3240 C,C328 0,1865 0.3379 0,9589 0, 7084 
C,0239 0,1460 0,3047 0,0442 0,2519 0,4044 0,7536 0,7084 
O,C295 C,1460 0,3828 0.0554 0.2002 0,4038 0.9479 0,7084 
0.0395 0,2110 0,3524 0,0738 0,2782 0,4857 0,7254 0.7084 
0.0447 0,2370 0,3358 O,C790 0,3155 0,5149 0,6522 ,) , 8246 
0.0547 C,2550 0,3619 0,0915 C,3073 0,5339 0,6778 0,8978 
O,C628 0,2810 0,3545 0,0988 0,3346 0,5605 0,6325 0,9949 
0,0707 o.2790 0,4037 o. 1116 0.2922 o.5581 0,7234 0,9878 
0.0936 0.2860 0.5138 0.1449 0.2327 0.5638 0.9112 1.0125 
0.1393 C.3180 C.6506 o.202a 0.1965 0.5928 1.0976 loll86 
0.1622 0.3220 0.7435 0.2337 C.1728 0.5952 1.2493 1.1311 
C.1933 C.3260 C.87C5 0.2752 o.1482 0.5969 1.4585 1.1435 
0.2079 0.3340 o. 9035 0.2921 0.1449 0.6036 1.4968 1.1677 
0.2308 o.3420 0.9692 0.3197 0.1369 0.6097 1.58417 1.1914 
0.2640 0.3660 1.0074 0.3548 0.1376 0.6300 1.5990 1.2592 
SLOPE OF FLU"'E : 0.0300FT/FT 
OENSITV OF SIMULATED GRASS a 1224,0000eLACES PER SQ. FOOT 
~EIG~T OF SI,..ULATEC GRASS " 0,2110FT 
Q ow VAVG VR N S,VEL. VIU• LN(A/A81 I u, 
w 
I 
0.0129 0.0730 0.3347 0.0242 0.1336 0,2645 1.2656 0.7084 
0,0177 0,1150 o. 28 82 0.0329 0.2103 0.3322 0.8675 0.7084 
0.0239 o. 1640 0.2122 C,0444 c.2022 0.3968 0.6859 0.7084 
0.0295 0.1670 0.3351 0.0555 0.2316 C.4000 0.8378 0.7084 
0.0378 c.2110 0.3403 0.0112 0,2666 0,4496 0 • 7569 0,7084 
0.0447 0.2530 0.29418 0,0753 0.3419 C.4927 0.6085 0.8899 
0.0547 0.2110 o. 32 72 0.088() 0.3277 0.5096 0.6421 0.9587 
0.0628 0.3020 0.3169 0.0950 0.3637 0.5381 0.5890 1.0670 
0,0707 0.2840 0.3925 0.1103 0.2814 0.5211 0.7532 1.0055 
0.0936 0.3020 0.4723 0.1407 0.2431 o.5364 0.8804 1.0670 
0.1393 0.3280 0.6216 0.1997 0 .1942 0.5571 1.1157 1.1496 
0,1622 C.3310 0.1141 0.2304 0.1696 o.5583 1.2790 1.1587 
0.1933 0.3370 0.8295 0.2101 0.1411 0.5615 1.4773 1.1766 
0.2079 C.3500 C.8448 0.2861 0.1480 0.5719 1.4771 1,2145 
0,2308 o. 35 50 0.9190 0.3142 0.1369 C.5747 1.5992 1.2287 
0,2640 0.3830 0,9460 0.3484 0.1398 0.5964 1.5861 1.3046 
SLCPE CF FLUl'E : 0.0250FT/FT 
OENSITY OF SIMULATED GRASS = 1224.0000eLAOES PER s,. FOOT 
~EIG~T OF Sil'ULATEO GRASS : 0.2110FT 
Q ow VAVG VR N S.VEL. 1//U* LN(A/ABI 
0.0129 0.0890 0.2742 0.0242 C.1700 0.2667 1.0201 0.1004 
C.Cl77 0.1300 0.2562 0.0331 0.2344 0.3225 0.7944 0.7084 
0.0239 c.1aao 0.2384 o.0446 C.3222 0.3879 0.6145 0.7084 
C.C295 0.2030 0.2755 0.0555 0.2933 0.4028 0,6838 0.7084 
0.0324 0.2110 C.2923 C.0612 0.2835 C.4106 0,7119 0.7084 
o.0447 0.2660 0.2757 0.0728 0.3508 0.4611 C.5980 0.9401 
o.C547 C.2970 0,2832 c.oa35 o. 36 76 0,4872 0,5812 1,0503 
0.0628 0.3280 o.2ac2 0.0912 C,3970 0,5120 0,5472 1.1496 I \J1 C.C707 C.2990 0,3623 C,1072 0.2019 0.488,:) 0.7424 1,0570 ... .1 0,0936 0,3180 0,4370 0,1370 C,2482 o.so24 0.8697 1,1186 
C,13'i3 0.3390 0,5925 0,1965 0.1900 0.5166 1,1468 1,1826 
0, 1622 0.3420 C,6811 C,2266 C.1657 C.5176 1.3159 1.1914 
0 .1933 0,3500 0.7857 o.2658 0.1452 0.5219 1.5055 1.2145 
0.2079 0, 3630 0.8024 0,2812 C,1456 0,5312 1,5106 1,2510 
0,2308 0,3720 0,8608 0, 30.79 0.1376 0,5366 1.6040 1.2755 
0,2640 C,3910 C,9197 0.3'!44 0,1327 0,5490 1,6751 1,3253 
SLOPE OF FLU"E = 0,0200FT/FT 
DENSITY OF Sll'ULATEO GRASS = 1224,0000eLAOES PER SQ. FOOT 
HEIGHT OF Sll'ULATEO GRASS = 0.2110FT 
C.0129 0,1150 0,2117 0.0242 0.2339 0,2714 c.1001 0,7084 
0.0177 0,1560 0.2141 0,0332 0,2833 o.:3161 o.6775 0.1004 
0,0229 C,2110 0,2042 0,0429 0,3635 0.3677 0,5554 0.7084 
0.0239 0,2190 c.2011 0,0452 o. 3663 0,3745 o.5546 o.7456 
0,0295 0.2400 0,2169 o.051a 0,3727 C. 3920 c.5533 0,8372 
C.0447 0,2840 o.24E!2 C,C700 0.3641 0,4262 0,5824 1,0055 
0,0547 0,3230 0,2496 0.0800 0,3946 0,4545 0,5491 1,1342 - - - . - - - . - -
0.0628 o.3t:5o C.2405 0.0872 0.4444 0.4832 0 .49 11 1.2565 
0.0101 0.3230 0.3226 C.1031 c.3045 0.4537 0.1111 1.1342 
C.0936 C.3440 0.38'l7 0.1322 0.2623 0.4674 0,8336 1,1972 
0.13'l3 c.3520 C,5614 0.192'l C,1836 C,4704 l.1935 1.2202 
0,1622 0.3510 0,6407 0.2221 0,1618 0.4725 i,3561 1.2343 
0,1933 0.3700 o. 7266 0.2594 0,1456 0.4795 1.5154 1.2101 
0.2079 0,3850 0,7396 0.2745 0.1467 0.4889 1.5129 1.3098 
C.2JC8 C,3920 C.8010 o.3012 C.1367 0.4921 1,6277 1.3278 
0.2640 0.4120 0.8570 0.3372 C.1317 o.5034 1.7025 l.3776 
SLCPE CF FLUl'E = 0.0400FT/FT 
DENSITY OF SIMULATED GRASS = 1224.0000fLADES PER SQ. FCOT 
HEIGHT CF Sll'ULATEO GRASS = 0.1378FT 
Q cw I/AVG VR N S.VEL. V/U* Lr.JI A/AB) 
I 
U1 
0.0094 0.0420 0.4161 o.orn 0.0858 0.2315 1.7973 0.7173 U1 I 0.0129 0. C6 8 C 0.3493 C.0236 0.1411 0.2949 1.1845 0,7173 
0.0166 0.0100 0.4460 0.0309 C • 1124 0.2988 1.4930 0.7173 
C.0229 0.1220 0.3451 0.0418 0.2109 0. 39 50 0.8735 0.7173 
0.0301 0.1380 0.4261 0.0583 C.1851 C.4190 1,0155 0.7188 
0.0322 o. 1610 0.3437 0.0550 0.2547 0.4538 0.7574 0.8729 
0.0364 0. 16 70 o.3647 C.C605 0,2459 0.4621 0.7894 0.9095 
O.C491 0.2140 0.3343 0.0111 0.3166 0.5233 C.6389 1.1575 
c.cs30 0.2240 C.3382 o.c1,;3 C,3227 0.5353 0.6318 1. 20 32 
0.0561 o. 2230 C.3604 O.C7<i8 0 • .3018 C. 5340 0.6750 1.1987 
0.066<; C.2590 0.3491 0.0898 o. 3443 0.5756 0.6066 1.3484 
0.0680 0.2310 0.4152 0.0950 0.2679 0.5430 C.7646 1.2340 
C.C782 Q.2500 c. 42 78 0.1059 0.2740 0.5648 0.1574 1.3130 
0.0973 0.2390 c.5665 0.1334 c.2001 C.5508 1.0285 1.2680 
0.1133 0.2520 0.6133 0.1520 ().1912 0.5651 1.0853 1.3210 0 .1266 o. 25 50 0.6744 0.1688 C,1750 o.5677 1.1879 1,3328 0,1455 0.2580 o.7630 0.1924 0.15~5 0.5699 1.3386 1.3445 
0.1705 0.2650 C.8621 0.2223 0.1397 o.5763 l.4960 l.3713 
0.1871 0.2680 0,9321 0.2422 0.1298 0.5785 1.6111 1.3825 
o.22c;1 0.2740 1.1112 0.2924 0 .1098 0.5822 1.9085 1.4047 
SLCPE CF FLU"E = 0.035CFT/FT 
OENSITY OF Sl"ULATED CRASS = 1224.0000ELADES PER SC. FOOT 
~EIG~T Of SIMULATED GRASS = C.1378FT 
c ow VAVG VR Ill s.vEL. V/U• LN(A/ABI 
0.0094 O.C470 C.3725 O.Cl74 0.0967 0.2292 1.6253 0.7173 
0.0129 0.0760 0.3-132 0.0236 0.1566 0.2917 1.0736 0.7173 
O.Cl66 C.C76C C.4Cl0 C.0310 C.1256 C.2951 1.3590 0.1113 
0.0229 0.1300 0.3259 C.C421 C.2179 0.3814 C.6544 0.7173 I 
O.C260 C.1360 c. 36 73 0.0503 0.2010 0.3927 0.9353 0.7188 ll1 
"' 0.0301 0.1510 0.3600 0.0539 C.2178 C.4109 0.8761 0.8088 I 
0.0322 0.1690 0.3167 0.0532 0.2671 0 .43_50 0.7281 0.9214 
0.0364 C.1770 C.3315 Q.C563 0.2631 C.4450 o.7449 0.9677 
Q.C491 0.2240 0.3130 0.0697 o.3262 0.500'3 0.6250 1. 2032 
C.C530 0.2380 0.3105 C.C734 C.3424 o.5162 0.6014 1. 26 38 
0.0561 0.2320 C.3407 0.0785 0.3065 C.5094 C.6688 1.2363 
0.0669 0.2730 C.3254 0.0882 o. 35 79 0.5528 o.5386 1.4010 
o.o6ao 0.2',00 0.3935 0.0936 c. 2711 c.5111 C.7602 1.2122 
0.0762 C.2640 C.3607 C.1016 0.3313 0.5635 C.6 1+01 1.4405 
0.0913 0.2490 G.5353 o.1314 C.2035 c.5259 1.0180 1.3090 
0.1133 0.2570 o.5c;11 0.1506 0. 1860 0.5335 1.1192 1.3406 
0.1266 0.2610 0.6535 0.1612 C.1715 o.5370 1.2110 1.3561 
Q.1455 0.2620 0.7473 0.1911 0.1499 c.5368 1.3921 1.3599 
C.17C5 c.2100 C.84C8 C.2205 C.1355 o.5436 1.5467 1.3900 
0.1871 0.2120 0.9139 C.2405 C. 12 49 C.5446 l.67tll 1.3973 
0.22,;1 c.2aoo 1.0798 0.2897 0.1011 o.5499 1.9638 1.4263 
SLCPE CF FLU"E : 0,0300FT/FT 
DENSITY OF SIMULATED GRASS : 1224,0000ELAOES PER SQ, FCOT 
HEIGHT OF Sl~ULATEO GRASS : 0, 1378FT 
c ow VAVG VR N S,VEL, V/U* LNC~/ABI 
0,0094 0,0520 0,3380 0,0174 0, 1055 0,2232 1,5142 0,7173 
0,0129 0,0830 0,2884 0,0238 0,1691 0,2822 1, 0219 0,7173 
0,0166 0,0890 0,3520 0,0311 0,1449 0,2919 1,2057 0,7173 
0,0229 C,1380 o. 32 33 0,0443 0,2115 0,3637 O,A888 0,7188 
0,0301 0,1670 0,3022 O,C5Cl C,2571 C,4002 0,7551 (),9095 
0.0322 0,1880 0,2669 0,04'?9 0.3153 0,4249 0,6281 1,0280 I 
0,0364 0, 19 30 o.20c;3 C,0555 C,2958 C,4304 0,6723 1,0542 u, .._, 
0,0491 0,2420 C,2808 0,0675 0,3545 0,4820 C,5825 1,2805 I 
0,0530 0,2570 0,27<;4 O,C714 0,3708 0,4967 0,5625 1,3406 
0,0561 0,2430 0,3194 0.0110 0. 3122 0,4827 0,6617 l,2g46 
0,066<; c,2qoo C,30C5 0.0866 0,3735 0,5275 0,5698 1,4614 
0,0680 0,2480 0,3761 0,0924 C,2684 0,4871 0,7722 1,3050 
C,0782 0,2950 0,3432 C,1004 0,3304 0,5316 0,6457 1,4785 
0,0973 o. 2610 0,5022 c.12c;1 0,2072 C,4984 1,0077 1,3561 
0,1133 C,2670 0,5672 0,1487 0, 18 59 0,5033 1,1271 1,3788 
0.1266 0,2690 c. 6276 0,1653 C.1685 0,5044 1, 2441 1,31162 
0.1455 0,2710 0,7143 0,1887 0,1483 0,5051 1,4140 1,3937 
0.1705 0.2790 C,8051 0,2178 0,1337 0,5112 1,5748 1,4227 
0,1871 0,2810 0, 8754 0,2375 C, 1232 0,5120 1,7097 1,4299 
o.22c;1 0,2890 1,0360 0,2862 0,1054 0,5166 2,0055 l, 4 5 BO 
SLCPE CF FLUP'E = 0.0250FT/FT 
DENSITY OF SIMULATED GRASS ~ 1224.COOCELADES PER Sw. FCOT 
HEIGHT CF SI~LLATEC GRASS : 0.137BFT 
Q cw \/A\/G \/ ~ N S .VEL. 1//U* LNI A/ABI 
O.CC94 0.0600 0.2931 0.0175 0 .1220 0.2189 1.3416 0.7173 
0.0129 0,0940 0.2559 0,0239 C,1891 0,2742 0,9331 0.7173 
0,0166 O,C990 0,3180 0.0312 0,1572 C.2811 1,1314 0,7173 
O,C2C8 C,1380 C,2939 C,0402 0,2124 0.3321) 0.8851 0,7188 
0,0229 0, 1590 0.2493 0,0394 0.2755 C.3567 0.6988 C.8604 
0.0301 0.1850 0.2560 0.0471 0.2967 0.3847 0.6655 1.0119 
1 
O.C322 c.2010 C.2409 0.0482 C.3334 C, 4011 C.6007 1.0948 lJl 
O.C364 0,2110 0.2531 0,0531 0.3277 0.4109 0,6160 1.1434 00 I 
O.C491 o.2t:2c C,2519 c.c656 C,3803 0.4579 o.5503 1.3599 
0.0530 o. 2740 0.2564 0.0698 0,3849 0,4682 0.5477 1.4047 
0.0561 0.256C C.2974 o.01s5 C.3169 o.4522 0.6577 1.3367 
0.0669 0.3120 0.2735 o.r.e4e 0,3933 0,4994 0,5477 1.5345 
C.0680 O. 2f:OC 0.3527 0.0908 0.2695 0.4552 0.7749 1.3522 
0.0782 0.3190 0.3105 0,0982 C.3513 0.5046 0.6153 1.5567 
0.0973 0.2740 0.4706 0.1269 C.2084 o.4660 1.0099 1.4047 
0.1133 0.2760 0,5428 0.1469 Q.1811 0.4668 1.1628 1.4119 
0.1266 0,2800 0.5951 0. 16 3'.) O.lo65 0.4695 1.2676 1. 4263 
C.1455 c.2000 C.6593 0.1850 0.1528 0.4753 1,3871 1.4545 
0.1705 C.2900 o.7653 0.2148 0.1316 0.4753 l.6101 1.4614 
o.1e11 C.2960 0.8180 0.2335 0.1245 0.4794 1.7063 1.4819 
0.2297 0.3000 0.9870 0.2022 C.1033 C,4797 2. 05 75 1.4953 
SLOPE CF FLU"E = 0 .0200 FT /FT 
DENSITY OF SIMULATED GRASS = 1224.0000ELADES PER s,. FOOT 
HEIGHT CF Sl"ULATED GRASS = 0.1378FT 
Q cw VAVG VR N s.vEL. V/U* LNIA/ABI 
0.0094 0.0160 0.2317 C.0175 0. 16 21 C.2205 1.0505 .J.7173 
O.Cl29 C .1120 0.2155 0.0240 0.2257 0.2678 0.8049 0.7173 
0.0166 0.1300 0.2414 0.0312 0.2224 C.2884 C.8372 0.7173 
C.Cl87 o.l3RO o.2645 0.0362 0.2111 0.2970. C.8906 Q.7188 
C.0229 0. 18 20 c.19c;3 C.C361 0.3375 0.3415 0.5836 0.9955 
c.C301 C.2080 0.2142 0.0443 Q.3432 o. 3651) 0.5869 1.1291 I u, 0.0322 c.21c;o C.2124 C.C462 C.3582 0.3745 0.5670 1.1806 "' o.0364 0.2340 0.2182 C.0508 C.3643 0.3871 0.5637 1.2469 I 
C.C491 0.2860 C.2243 0.0638 0.4051 0.4279 0.5242 1.4475 
0 .c 530 o.2c;so 0.22,;e C.0680 0.4064 0.4367 0.5261 1.4886 
0.0561 0.2790 o.2651 0.0734 0.3367 0.4222 0.6278 1.4227 
o.066<; 0.3370 C.2482 C.0830 C.4082 0.4642 0.5346 1.6116 
Q.C68C 0.2850 0.3122 0.0881 0.2896 C.4263 0.7324 1.4440 
O.C782 0.3430 0.2835 C.C964 o.3612 0.4680 0.6058 1.6293 
0.0913 0.2870 0.4428 C.1250 0.2042 0.4263 1.0386 1.4510 
0.1133 0.2910 C.5064 0.1443 C.1797 0.4285 1.1819 1.4649 
0.1266 0.2970 0.5511 ·o.1s9c; C. 16 71 0.4322 1.2750 1.4853 
C.1455 c. 3080 C.6045 0.1812 0.1557 0.4394 l .3758 1. 5216 
0 .1705 0.3120 0.6965 c.2102 c.13s1 C.4408 1.5802 1.5345 
0.1871 0.3160 0.7522 0.2289 C.1264 C. 442 7 1.6992 1.5473 
o.22c;1 0.3230 c.ac;e3 C.2761 C.1066 0.4449 2.0189 1.5692 
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In arriving at a relationship which indicates how the drag 
coefficient, Rd' varies over various flow rates, plots of the 
drag coefficient vs. the Reynold's number based on the mean 
characteristic dimension of blade were prepared. The character-
istic length used to find the Reynolds' number is taken as 
being equal to the average projectional width of blades, Lavg' 
or: 
Vm' L 
Re = avg 
1 v ( 6 2) 
To assure that the laminar flow assumption was correct a 
Reynold's number based on the gap width where water flows be-





v ( 6 3) 
If the value obtained for Ref for a given flow rate is found 
to be less than 2000 the assumption of laminar flow is considered 
valid. Table 2 shows the values o= the pertinent parameters 
under various non-submerged flow conditions.. Since the values 
of Ref are less than 2000 it is concluded that the laminar flow 
assumption is justified. 
Figure 14 is the plot of Rd vs. Re1 for various vegetation 
stiffnesses and population densities used. This plot indicates 
that for a given Re
1
, Rd is dependent on slope and density but 
R 
independent of grass stiffness. By plotting Sd against Re
1 y O 
as shown in Fig. 15, it is seen that only two curved are formed. 
This demonstrates the fact that for a given Re
1
, 







TABLE 2: Values of the Pertinent Parameters Under Various 
Non-submerged Conditions 
cLui'c i,F fLU;·,E ~ 0.0400FT/FT 
LE~~ITY Lf ~l}lULATED CkASS = 1224.00dOBLAOES PER SQ. FOOT 
n~lGNT OF SIMULAT~D GRASS = 0.39.:0FT 
0 DW VMP BLT RD N*RD/Gf-l*S REl REf RE2 
G .0305 O.ltloO 0.3.263 0.0024 1.1761. 277.4128 443.108 412 .663 5566.801 
0.0:07'+ 0.2050 (J.:';i,:;;0 (J.(.,025 0.9502 224.1366 492.891 '+59.025 63'27.203 
0.04C3 o. 2l7C. 0.3100 C~G025 0.9144 215.6732 50L.43e 41,7.916 7366 .. B32 
c.,.C437 0.2.l"-:0 c.:.&94 Q.0026 0.8255 194.7036 528.780 492.448 8003.156 
u.0441 o.2r10 0.3878 0.0026 c.e324 196.3419 526.547 490.369 8076.105 
0.0-'-tb2 a. 2s20 0.3811 0.0025 0.8592 l02.6663 5lb.313 482.700 882?.324 
0.0.'.t'19 U.2610 0.3dl 0.(;025 O.P616 203.2387 517.524 481.966 912l".ol3 
U"'(.;511 (;.2-{:)(> 0.::'..70U O.(J0~5 0.9149 215.7755 502.335 "+t> 7 .. 820 9333 .926 
G.0~36 0.2~20 0.36SO 0 .002 5 0.9399 221.7Cl8 495.628 4-61.574 9178.&05 
O .. G'.;)5 7 o • .?.~20 0.3667 0.0025 0.93!3 Z 19. &1:>91 497.840 463.634 10156.621 
o.u::,-,4 o.3oeo o.::;:10~ O.D025 0.9120 215.1).77 503.094 468.527 10469.805 
0.0:i':I~ 0.3220 0.3670 0 .. 0025 0. 9299 219.3329 498.252 41:>4.017 10840.344 
0.00::::..:.. 0.3350 U ... 3666 0.0025 0 .. 9315 219."7253 491.813 463.609 11368.984 
C,.0694 0.3440 0.403-8 0.(,026 o. 7678 181.1031 546. 294 510.021 127~4.121 
0.0773 O. 37 bO 0.4096 G.0026 0.7462 176.0177 556.141 517.929 14204.137 
0.0644 0.3840 0.4422 0.0021 0.6401 150.9848 600.422 559.167 15578.516 
SLC?C CF FLUt1 E = Q.C350FT/FT 
DENSITY OF SIMULATED GRASS = 1224,CCCCELIDES FER SC. FCOT 
~EIGhT OF Sl~ULATED GRASS = o. ::ncFT 
0.0368 0. 23',0 G.3121 C,C025 1-1245 303.1343 423. 771 394.655 6700.168 
0. C399 0.2450 C.3243 O.OC25 1.0419 280.8662 440.277 410.026 7288.363 
SLCPE CF FLU;'E = 0.0400FT/FT 
OE~SITY CF Sl~ULATED GRASS = 2232.COOOELADES PER SC. FOOT 
~EIGhT OF s1,uLATEO GRASS = 0.~92CFT 
a. con O.CS60 0. 27 73 o.cc22 C.8121 349. 3208 376.561 161.990 2188.123 
O.Cll6 0.1510 0.2589 0.0021 0.9328 40.1.2212 351.489 151.204 3586.140 
0.0162 0.1880 c.2a,;9 o.co22 G.7434 319.7363 393.567 169.305 4'l99.359 
C.C204 0.2240 o. 30 57 0. 0023 C.6681 267.3594 415.142 178.587 6283.230 
c.021s 0,2450 c.2993 a.OC23 Q.6972 299.8770 406.446 174.846 6728.324 
0,0241 0.2660 Q.3041> 0.0023 0.6733 289.5901 413.583 177.911, 7433.328 



























TABLE 2: Continued 
SLCPE CF FLU~E = 0.0350FT /FT 
OEtS!TY OF SIMULATED GRASS = 2232.CCC02LADES PER SC. FCCT 
HEIGHT OF Sl~ULATEC GRASS = 0. 3920FT 
c cw VMF BLT RD N*fi.D/GM*S REl R 'EF RE2 RO/GM*S 
• 
O.C071 0.0940 0.2537 o.c022 0,8486 417,1602 344 .425 148.166 2187.563 o.389 
0.0116 0,1560 0.2510 C,0022 c.8677 426.5547 340.793 146.603 3592,141 0,397 
0,0158 0.1980 0,268-'t 0.0023 0,7586 372,9238 364.414 156,765 4875.277 0.347 
C.C2C4 C.2340 C.2931 0.CC24 0,6361 312.6648 3g7,905 171.172 6291.191 0.291 
c.c210 c.zsca o.2s25 O,CC23 C,6847 33c.5864 383.557 165,000 6479.0CO 0.314 
C. C 241 C, 27eC C.2940 C.CC24 0.6322 310.7671 399.141 171.704 7443,449 0,289 
C,0326 C,3590 0.3058 O,C024 C,5840 287,C581 415.233 178,626 10072.223 0.267 I 
"' 
SLCPE CF FLUi'E = O,C3COFT /FT "' 
DEhSITY OF Sl~~LATED GRASS = 2232.0000ELACES PER SC, FOOT I 
HE!G~T CF Sl~ULITED GRASS = 0, 3~2CFT 
0. 0071 0. l C 40 0.2293 0. CC23 C.8899 510.3296 311,407 133.962 2188,266 0.475 
O .. Cll6 C.1670 0. 23 46 o .. "0023 0,8501 487,51~7 318.603 137.058 3595.051 0,454 
0 .o 156 0,2500 0,20S3 o.cczz 1.0101 613, 10,;1 2 84, 137 122,231 4 799 ,613 0 .572 
0,C204 C,2550 C,2691 0.0025 0,6463 370.6580 365.371 157.176 6295.238 0,345 
C. 0241 0,2920 0.2782 C,0025 0,6047 346.8210 377,742 162.498 7452,746 0,323 
SLOPE CF FLU~E = C,025CFT/FT 
CE~S!TY CF Sl~ULftTEO GRASS = 2232,0000SLADES PER SQ, FOOT 
HEIGHT OF Sl~ULATED GRASS = C. 3920FT 
C,C07l c.12co 0.1,;ea 0,0023 C.9878 679. 7%6 269.908 116, 110 2188.448 0,633 0,0156 0,2500 C,20S9 O,CC24 C,8857 609,5637 284,971 122.589 4813,695 0.0204 ·c.2,10 0,568 C,2536 0,C026 C,6062 417,1565 344,293 148.109 6304,277 0,0241 Q.3.230 0. 2517 
0,389 
C,CC26 C,615<, 423.5300 341.729 147,006 7458.004 0.394 
SLC?E CF FLU~E = O.C200FT/FT 
DENSITY OF SIMULATED GRASS = 2232,COOOSLADES PER SC. FCOT 
HEIGHT CF Sl~ULATEC GRASS = C, 3920FT 
O,C075 C .1560 0.1616 0,0023 1.1943 1027. 3875 219,464 94.410 2313.269 0,957 
c.i:154 C.271'0 C.1913 0, 0025 0.8520 732. S734 259.804 111.763 4757.227 0,683 
0.0200 0,3070 0,2194 C.CC27 C.6475 557,0244 291.sn 128.148 6179. 2 50 0.519 
TABLE 2: Continued 
SLCPE CF FLUi'E = 0,Cl50FT/FT 
DE~SlTY OF sr,uLATED CRASS 
rEIGhT CF Sl~ULATED GRASS 
= 2232,COOOEL~CES PE~ SC, FOOT 
Q 
· 0 ,0075 
· C,0154 
SLCPE CF FLU~E 
cw 
0,1820 
0, 29 20 











DENSITY OF Sl~ULATED GRASS 
HEIGHT OF SI~ULATEO GRASS 














DENSITY OF SIMULATED GRASS 
~EiGr.T OF Sl~ULATEO GRASS 
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SLCPE CF FLU~E 
0,3072 
0,3301 
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TABLE 2: Continued 
SLCPE CF FLL~E = C,0150FT/FT 
D"~SITY OF SIMULATED GRhSS = 1224.GOOCELADES PER SC, FCCT 
hE!GHT CF Sl~ULATED GRASS = 0,3920FT 
Q ow VMf BLT RO N*RD/Gr-l""S REl REF RE2 RO/G~*S 
C .. C075 0,1250 0, ll 79 0,0023 3,3740 2122.2512 160.104 149,104 1352,232 3, 605 
0, C096 0, 1340 0.1426 O,CC25 2,3045 1449,5427 193,654 180.348 1753.351 2,462 
0,0121 0.1650 0,1462 0.0026 .2. 19 53 l32C.8628 198,457 1S4.821 2212,523 2,345 
0,0146 0,1890 0,1546 O,C026 1,96~7 1235,El23 209.888 195.467 2680,325 2,099 
0.0179 0.2170 0.16(:l o.co21 l,7Cl7 1C70,37o7 225, 507 210.012 3306,415 1,818 
o.c2co C,2410 C.1669 C.CC27 1.6848 1059.7454 226,625 211.054 3690,311 1,800 
0,02',9 0.2760 0,1831 O.CC29 1. 39g7 eec.3831 248~576 231,497 4635.613 1,495 I 
C,C304 C,3140 C,!965 0. 0030 1.2151 764,2896 266.785 248.455 566C.180 1,298 O'\ 
0,0353 0,3370 C,2141 C,CC31 l.C234 643.7366 290.682 270.710 6618.910 1.093 .... I 
O.C387 0,35!0 0. 22 54 0,0032 c. 9 229 580.5Cl5 306.019 284.993 7257.613 0.986 
o .. J43Z 0 • .3770 0,2351 C.C033 0.8483 533,5876 319,216 297.283 8131,379 0,906 
SLCPE CF FLU~E = C.04COFT !Fl 
DENSITY OF SIMULATED GRASS : 1224.COCceLiOES PER SC. FCOT 
rEIGrT CF Sl~ULATEC GRASS = 0,2110FT 
O.Gl29 0.0570 0. 4343 O.CC27 C,7602 l79,3C61 560.823 576,081 2271,186 0,305 
C.Cl77 C.C890 C.3751 0.0025 1,0214 240,9334 484.299 499,202 3062.357 0,409 
G.G239 0, 1350 0.3298 C.0024 1.3217 311,7456 425.839 438,943 4084,431 0.530 
O.C295 0, 1300 0. 4323 0,0027 0,7684 181,2375 558.221 575.398 5155.863 0,308 
C,C4l6 0. 2 l 10 0,36S8 C.CC25 l,0509 247,8851 477.555 492,250 7159.090 0,421 
SLCPE OF FLU~.E = 0,0350FT /FT 
CENS!TV OF Sl~UltTED GRASS = 1224,COCCELADES PER SQ, FGOT 
HEIGHT OF Sl~ULATE~ GRASS = 0,2llOFT 
C.C!39 0. 0630 o. 42 77 O.C029 0.6859 184.8856 552,344 569.341 2472.307 0.314 
C.0177 0. 1020 C.32C7 c.cczs 1. l 777 317,4661 421,860 434.841 3057.177 0,539 
0. 0239 0,1460 0. 30 64 0.0024 1,3393 361.0366 395.611 407,784 4103,672 0,613 
O.C295 C. H60 C,3852 c.0021 0. 84 71 228,3533 497,441 512,748 5159.957 0,388 
C,0395 0. 2110 0.3538 O,C026 1,0046 27C.8120 456.874 470,'l33 6849.059 0,460 
TABLE 2: Continued 
SLCPE CF FLUf'E = O.C3CCFT/FT 
DENSITY OF Sl~VLATeO GRASS = 1224.0000ELACES PER SQ. FOOT 
~E!G~T OF SJµULATED GRASS ~ 0.2110FT 
Q Ow VMP BLT RO N*RO/GM*S REl REF RE2 RO/G~'*S 
0.0129 0.0730 0.33',Q C.C028 C.9363 2,4.4624 437.709 451.178 2270.181 0 .soo O.Cl77 0.1150 0.2903 0.0026 1. 2779 4Cl.9033 374.886 386.422 3063.016 0.683 Q.C239 C.1640 0.2735 o.cc25 1.4402 452.9438 353.212 364.080 4115.578 o. 769 0.0295 0.1670 0.3369 c.coze C.'J488 298.3831 435.C83 448.471 5162.266 0.507 C.0378 C. 2110 C.3418 0.0028 0.9223 290.0728 441.373 454.955 6616.672 0.493 
SLCPE OF FLUH = C.C250fT /FT 
DENSITY OF SIMULATED GRASS = 1224.00COELADES PER sc. Feat I 
~E!GhT OF SI,ULATED GRASS 0.211CFT "' = u, 
I 
0.0129 0.0890 0.2772 o.oc21 1.1685 441. 0093 357.920 368.934 2263.227 0.749 
C.0177 C.1300 0.2579 0.0026 1.34% 509.3533 333.057 343.305 3C76.l93 0.865 
O.C239 0.1880 C.2394 O.C025 1.5666 59!.2188 309.l 76 318.689 4129.664 1.004 
C.C295 0.2030 0.2767 0.0021 L.1730 442.6956 357.249 368.241 5152.500 0.752 
0.0324 o. 2110 0.2935 O.C028 1.0419 393.2061 379.054 390.719 5682.453 0.668 
SLO?E OF FLU~E = o.ozcoFT /FT 
DE~SITY OF SIMULATED· GRASS = 1224.COCCELADES PER SQ. FOOT 
HEIGHT OF S!PULATED GRASS = 0.2llOFT 
0.0129 0.1150 0.2134 O. C027 1. 5772 744.0208 275.523 284.001 2251.165 1. 264 
0.0111 0.1560 0.2154 o.cc21 1.5485 730.4851 278.137 286.696 3082.726 l.241 
o.c229 0.2110 0.2051 0.0026 1. 7090 806.2334 264. 841 • 272.990 3970.265 1.369 
SLO?E CF FLUPE = C.C4COFT/FT 
DENSITY OF Sl~ULATEC GRASS = 1224.COCOELADES PER SQ. FOOT 
HEIGHT OF sr,uLATED GRASS = O.l378FT 
0.0094 C,0420 C.4251 0.0027 0.8110 191.2966 544 .021 570.661 1637.915 0.325 
0.0129 O.C680 0,3534 0.0024 1.1756 277.3005 452.296 474.444 2204. 739 o .471 Q.Cl66 C.C700 0.4521 0.0028 0. 7188 169.5469 578.644 606.979 2903.591 0.288 0,0229 0.1220 o. 34 74 C.C024 1. 2190 2 €7. 5383 444.652 466.426 3888, 716 0.488 
TABLE 2: Continued 
SLCPE CF FLU~E = O.Q350FT/FT 
DE~SITY CF Sl~ULATED GRASS = 1224.COOOELADES PER s,. FOOT. 
~EIGHT OF Sl~ULATEO GRASS = O. l378FT 
Q cw VMP BLT RO N*RD/Gt4*S REl REF RE2 RO/GM>•S 
O.C094 0.0470 0. 37 S7 o.co21 C.8899 239.8875 486.001 509.800 1637 .425 0.407 
C.Cl29 0.0760 0.3165 0.0025 1.2829 345.8313 405.119 424.957 2207.101 0.587 
0.0166 0.0780 0.4059 c.cc2s C.7801 21C.300E 519.484 544.922 2904.641 0.357 
C.0229 C.1300 o.32ao 0.0025 1. 1962 322 .466 l 419. 725 440.279 3911.424 0.548 
SLOPE CF FLUPE C.C3CCFT/FT I = 
°' DENSITY OF Sl~ULATEC GRASS = 1224.COCCELADES PER SQ. FOOT °' HEIGHT CF Sl~ULATED GRASS = O. l378FT I 
O.C094 C.0520 0.3442 o.oozs o.9291 292.2053 440.570 462.144 1642.268 0.496 
0.0129 0.0830 0. 2915 C.C026 1.2979 408.1978 373.091 391.361 2219.825 0.693 
O.Cl66 0.0390 0.3558 O.CC2B 0.9705 273. 7632 455 .323 477.619 2904.929 0.465 
SLOPE OF FLU~E = o.025oFT/FT 
DE~S!TY OF S!~ULITED GRASS = 1224.COCCELADES PER SQ. FOOT 
HEIGHT CF Sl~ULATEC GRASS = O.l378FT 
c.C094 C.C60C c. 2983 C.0028 l.0298 388.6631 381.778 400.473 1642.057 0.660 
0.0129 C. C9L.•O 0.25€4 o.co26 1.3769 519.6462 330.667 346.859 22 29 .150 0.883 
0.0166 0.0990 0. 3211 0.0029 0.8898 335.7998 410.990 431.115 2916.705 0.570 
SLOPE CF FLUn = o.ozcoFT /FT 
DENSITY OF SIMULATED GRASS = 1224.CCCCELADES PER SC. FOOT 
HEIGHT OF Sl~ULATED GRASS = O. l378FT 
C.CG94 0.0760 0.2346 0.0028 l. 3345 629.5491 300.259 314.<;62 1635.819 1. 069 C.Cl29 o. 1120 0.2112 C. CC27 1.5566 734.3328 278.009 291.623 2232.048 1.247 0.0166 o. 1300 0.2432 Q.0029 l.2425 586.1428 311.227 326.467 2900.324 0.996 
-67-
1.2 
0 Stiff Blade (2232 /ft 2 ) 
\ --- Various Stiffness (1224/ft 2 ) 
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Fig. 15 Plot of R0/s 0 vs blade Reynolds numer 
Rel for various simulated grass 
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blades in one foot length of flume, Nb' is multiplied 
and plotted against Re1 as in Fig. 16, only one curve results 
to represent the total drag resistance in the section. 
B. Submerged Flow. For the submerged flow case, Eq. 49 
is the applicable drag equation. The major assumption 
Nb Cd 
submerged flow analysis is that the curve of the~~ 
ySo 





submerged condition. In order to obtain a mathematical expres-
NbRd 




technique was used. The following equation formed 
can be used to describe the straight line. When the linear 
regression method was employed to determine the,constants K 
and x, the following ecpression is obtained as: 
NbRd = 2.05 (10) 7 (Rel)-1.848 
ySo 
Solving equation 65 for Rd gives: 
Vm' L 
(l0)7 [ avg1-l.848 
\) 
By substituting the drag coefficient equation into the drag 
( 6 5) 
( 6 6) 
equation, Eq. 49, Vm' can then be solved for by trial and error 
procedure. 
An expression in the form of Eq. 47 is used to calculate 
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Fig. 16 Plot of NR0 /ys 0 vs blade Reynolds number 









-2 Twt = shear due to sidewall above the blades, FL . 
( 6 7) 
The shear due to the top of blades, Tts' is calculated from the 
shear velocity term, U*, in Eq. 34 as being: 
( 68) 
The force due to Tts' is not included in the drag equation 
because for erect vegetation this resistance is internal and is 
therefore included as part of the drag resistance. Table 3 
gives the pertinent parameter values for the two densities of 
the stiff vegetation. 
~n the medium and least stiff simulated vegetation experi-
ments, it was noted that the blades bent down to form a wavy 
bed. For this condition it is believed that two separate and 
distinct flow areas are formed. Thus the shear term, Tts' is 
no longer an internal shear and must be included in the drag 
equation. The form of the drag equation for flexible media 
becomes: 
( 6 9) 
where: 
Fts = Force due to shear at top of blades= Tts Wc 
The exact value of the shear term due to wavy flexible bed is 
TABLE 3: Values of the Pertinent Parameters Under Submerged Flow Conditions 
~Lon OF FLU~,f = O.u,,GOFT /FT 
O~NSllY Uf SIMULATED GRASS = 12~4.COOOSLADES PER SO. FOOT 
hclGHT OF SIMULATED GRASS = 0.3920FT 
Q ow VMP bLT VMT RD NT U* REF RFT 
0.13 5b 0.4390 0 .. :>550 u.0031 0.6s7e 0.4579 0.0205 0.0650 701.BO 2S36.20 o.1~u. 0.4540 0.5050 U.0031 0. 6438 0.4579 0.0223 0.0910 714.44 4799.69 
0.1784 o.4t.60 o.s-,:.u 0.0G3l 0.9507 0.4579 0.0220 0.1010 724. 56 6454.4~) 
0.16 79 0.4710 0.5760 0.0031 l.OC44 0.4579 0.0219 O.lObO 728 .35 7279.95 
G .203,7 0.4760 C,.5790 v.00:::.1 l.1260 0.4579 O.C221 0.1200 732 .15 8677.72 
0.24£8 0.4960 O.S9lU o. C032 1.2636 0.45-19 0 .c211 0.1290 747.32 12056.2..:. 
0.274-'t 0.5130 0.603.0 O.CG32 1.3286 0.4:,79 0.0206 0 .13ZO 762.50 1474e.i:. I C.3Ub:> 0.5230 O.U,bO (J .OC32 1 ... 4302 0.4579 0.0203 0.1450 768. 82 177E9.P.,. -.J 
o.32es 0.5320 0.6140 0.0032 1.5196 0.4579 0.0200 0.1470 776.40 19517.27 
,.., 
I 0.34&0 0.5370 O.OlbO O.GV32 1.5993 0.4~ 79 0.0201 0 .1~50 778.93 21275.61 
0.373~ 0.5450 0.6210 (J .. 0032 1.6781 0.4579 0.0197 0.1600 785.26 235 54. 37 
0.40.s·, o. SblO 0.b3l0 0.002,3 1.6852 0.4579 0.0193 CJ.1570 797.90 26126.2.:. 
0.43-,4 0.5-,30 O ... b:-380 0.0033 1.7523 0.4579 0.0190 0.1610 806.75 29097.25 
SLCPE CF FLUH = C.04CCFT/FT 
OE~SITY OF SIMULATED GRASS • 2232.0000ELAOES PER SQ. FOOT 
~EIGhT OF Sl~ULATED GRASS = C.3S2CFT 
0.1135 0.4530 C.5420 C.CC30 0.8159 0.2511 0.0223 o.asao 316.58 4566.19 
0.1383 C.4620 0.5470 0.0030 1.as61 0.2511 0.0229 o. 1170 319. 50 6782.03 
C .1 S7l C.4830 C.563C C.C031 1.3633 C. 2511 0.0220 0 .1450 328.85 12007.41 
0.2644 0.5090 0.5740 O.CC31 1. 6 8 33 C.2511 0.0210 0.1110 335.27 18068.68 
. -
SlCPE CF FLUH = C.03CCFT/FT 
OE~SITY OF strULAT~O GRASS = 2232.COCOELADES PER s,. FCOT 
~EIGHT OF SIMULATED GRASS = O. 392CFT 
0.1135 0.4620 0.5',30 O.CC35 C.7Cl3 C.1883 0.0201 0.0680 320.09 4503.91 0.1383 0.4710 0.5530 O.CC35 0.9272 0.1883 0.0211 o. 0970 323.Cl 6719.79 0.1971 0.5010 C.5720 c.co3o l.1913 0.1883 O.C209 0. 1200 334.11 11912.98 0.2644 0.5260 0.5870 0.0036 1.4586 0.1883 C.C203 o. 1430 342. 87 17931.25 
TABLE 3: Continued 
SLCPE CF fllit-'E = o.ozoon /FT 
DEl,SITY OF Sl~ULATED GRASS = 2232.CJCC3LADES PER SC. FCOT 
HE!G~T CF Sl~ULATEO CRASS = 0.3920FT 
Q cw VMP eu VMT RD NT U* REF RET 
0.1383 0.4960 o.s100 0.0044 c.t:a5s 0.1255 0.0181 0.0600 332. 94 6540.96 
0.1971 C. 52 50 c.5eso O.OC45 c. 9626 0 .1255 0.0194 0.0900 343.45 ll 745 .13 
0 • 2644 0.5560 0.6070 0.0045 1.1778 0.1255 0.0190 0.1080 354.55 17720. 56 
SLCPE CF FLU~E = C.C3COFT/FT 
DENSITY OF SIMULITED GRASS = 1224.COOOELAOES PER SC. FOOT 
~E!GbT OF Sl"ULITED GRASS = 0.392CFT 
0.1655 0. 4 730 o.51sc 0.003~ C. 6984 c.3434 c.c1g3 0.0650 730.88 5189.61 
c.1925 0.4850 C.5850 O.C036 o.aa.;7 ~.3434 C.0206 o.csao 739.73 7546.32 
0.2104 C.4910 o.sa;o C.0036 l.OC-4l c.3,,34 c.C208 0.1010 744. 79 9119.58 
C.2299 0.5C-50 0.5980 0.0037 l.0376 C.3434 C.02:34 o. 1020 756.17 10757.l', I 
c.2101 C.5180 0.6050 C.0037 1.2435 o.3434 Q.0203 0.1220 765.02 14374.70 -.J 
0.3177 o. 5360 0. 6150 0.0037 l.'11Jl3 c.3434 c .. 0201) 1).1350 ,77.67 18512.69 w I 
C.3335 C.5440 C.62CC O.CC37 1.4581 Q.3434 c.0196 0. 1380 783.99 20 333. 73 
C.3601 C.5510 0.6240 0.0038 1.5252 c.3434 O.ClS6 o.1440 789.05 22248.33 
C.38C5 C.55'10 C.62SO O.C038 1.5685 Q.3434 o.Cl93 0.1460 795.37 24031.23 
C.4CC8 C.5670 0.6330 o.C03.8 l.6C89 c.3434 o.Cl92 0 .14~0 800. 43 25831.41 
0.4229 0.5740 0. 63 70 C. cc 38 1.6640 o.3434 C,C190 o.1s30 805.49 27784.14 
0.4449 0.5810 C. 6t.i lC C,CC38 1. 7150 0 .. 34:34 Q.0188 0. 1560 810.55 29736.89 
0.0368 0.2550 o. 26 79 0.0025 1.3286 1.1328 0. 0206 o. 1320 364.08 14748.14 
0.0399 o. 271C 0.2943 0.0026 1.4802 1.0843 Q.0203 0 .1450 372.09 17789.84 
SLCPE CF FLU~E = o.02coFT1FT 
OENSIT, OF SIMULATED GRASS = 1224.CCCCeLADES PER s,. FCOT 
~EIGhT OF sr,uLATEC GRASS = C.3920FT 
0.1863 0.5010 o.6000 Q.0045 C.6374 c.22s9 0.0149 0.01,60 75 8. 70 6724.51 
C. 2 241 o.s210 C.6080 0.0045 o.8499 Q.2289 O.Ol88 0.0110 768.82 10057.94 
0.2532 C.5380 C.62CO o.C046 c.9348 c.22er.; Q.0[88 o.o8so 783.99 12521.32 
C. 2707 o.5480 0. 62 50 0.0046 C.9808 Q.2239 o.018a Q.QA90 790.31 14037.29 
C.310t c.5610 Q .. 6320 C.C046 1.1338 0.2229 Q.0188 0.1030 799 .17 17576.71 
Q.3281 o. 5690 0.6360 0.0046 1.1769 c.22s9 0.0187 Q.1C60 804.22 l9lll.91 
0.34<;7 C.576C 0. MOC c.0041 1.2456 0. 2289 0.0186 0 .1120 809.23 21026.59 
0. 3871 0.5B90 Q.6470 0,0047 [.3467 o.2zs9 C.0185 0.1200 818.13 24339.14 
0.4075 c.5960 C.6510 o.0047 1.3967 0.2289 Q .. 0184 0, 1240 823.19 26139.37 
Q.4191 0.6090 0.6600 O.CC47 1.35aq c.2259 Q.0181 0 .1190 334.57 27052.34 
Q.0368 o.2860 0.2616 0.0030 l,664C 0.9141 0.0190 0. 15 30 330.75 27784.14 
O.C399 c.3230 C.25C5 o.C029 1. 7150 0.9%4 o.01sa 0. 1560 316.81 29736.89 
TABLE 3: Continued 
SLCPE CF FLU~E ; O. C l5Cf-T /FT 
CENSITY CF S!MuLATEO GRASS = 1224.CCOOELACES PER SQ. FOOT 
hE!G~T OF Sl~ULATEO GRASS ; C.392CFT 
Q Ow VMP BLT Vfl RD NT U* REF RET 
0.2345 0.5550 G.6300 C.CC53 o.7114 0.1717 0.0160 0.0550 796.64 10638.95 
0.2495 0.5610 Q.6320 0.0053 !J.7725 0.1717 C.0169 0.0630 799.17 11977.79 
0.2823 C. 57"1C C.64CO c.oc~ 1 ... c. 88% 0.1717 0,0177 0.0760 809. 2 8 14853.60 
0.2956 c.s1so o.6',30 O.CC54 C.9339 C.1717 0.0177 C.0800 -e 13 .oa 16022.64 
C.3102 C.5e90 C.6500 O.OQ54 o. 9537 0.1717 0.0176 0. 0810 821.93 17237.21 
0.3285 0.5950 0.6520 0.005~ 1.0138 C.1717 Q.Cl7B 0.0370 824.46 18881.23 
0.3426 C.6C40 0-6570 O.C054 1.0330 0.1717 0.0176 O~C880 830.78 20092.12 
C.3580 C, 6120 0,6620 G,CC55 1,0611 0.1717 o.c~76 0.0900 837.10 21417.45 I __, 
0.3151 C.6190 0.6660 0.0055 l. l0C2 C.1717 :.CL75 0.0930 842,16 22912.57 "'" C.3909 C.6270 0.6710 c.ccss l.1260 0.1717 0, 0 l 75 0,0950 848 .48 24276.05 I 
0.0368 0.3130 C.2414 O.C033 l.7150 C.8045 C.0188 ,J,1560 305.19 29736.89 
O.C399 c. 3540 c. 23 09 C.0032 1.3266 0.8790 0.0206 0,1320 292.0 l 14748.14 
SLCPE CF FLUH ~ 0 ,0400FT /FT 
DENSITY OF SIMULATED GRASS = 1224.0COOEL~OES PER SC. FOOT 
hEIGhT OF Sl~ULATED GRASS ; C, 2llOFT 
0.0447 0.2340 0.3598 C.0025 C.2349 c.,733 C.CS41 -o. asst. 492, 25 49 5, 73 
C.0547 0.2450 0,3698 0.0025 0. 45 24 0 ,9733 0 .1394 -o. 3045 492.25 1411.25 
0,0628 0,2660 C,3698 C.OC25 c.4211 C.9733 o. 7313 -1,5083 492, 25 2155.ll 
C.0707 C. 2760 0.3696 C,0025 0,4829 0,9733 1.5401 3.59i7 492,25 2879.90 
C.0936 C,2660 C.~6S6 C.OC25 0,7235 0,9733 0,4207 1.4698 492 ,25 4977.98 
C .1393 0,3090 0 .3698 0,0025 1. 0204 c.c:;133 0.1784 o. 8790 492.25 9174.12 
C.1622 C,3ls0 c. 361.]8 o.co2s l, 1929 C.9733 0.1611 o.s2a1 492.25 11272, 19 
0.1933 0,3180 0.36S8 c.002s 1.4397 C,9733 c.1500 1.042g 492,25 14133,21 
C.2C79 0,3260 C.36S8 0.0025 1.4661 0.9733 0.1327 0.9393 492,25 15468.33 
c.23cs 0,3350 0.3698 0.0025 1. 5441 C.9733 0.1184 o. 8828 492,25 17566.41 
C.2640 0.3500 0,3698 0.0025 l,6168 0,9733 0.1018 o.7946 492.25 20618.16 
TABLE 3: Continued 
SLCPE CF FLUPE : 0 .0350FT /FT 
CE~SITY CF S!~ULITED GRASS : 1224.QOOGeLADES PER SQ. FOOT 
HEIGHT OF Sl~~LATEC GRASS : C. 2110 FT 
' cw VMP eLT VMT RO NT U* REF RET 
C.C447 0.2310 0.3538 0.0026 a. 2138 0.9242 0. 0960 -0.1270 470.93 653.10 
0.0547 Q.2550 C.3528 c.co26 C.38E6 Q.9242 0.2462 -0.4620 470.93 1568.62 
0,C628 0.2810 0.3538 O.C026 o.3601 C.9242 C.6477 l.1262 470.93 2312.48 
C.07C7 0. 2790 C.3538 C.CC26 C.4869 C. 9242 0.8375 l. 9690 470.93 3037.27 
0.0936 0,2860 0.3538 C,0026 0,7463 0,9242 0,4207 l.5163 470.93 5135.35 
0.1393 0,3180 0,3538 0,0026 0.9506 0,9242 0.1500 0.6886 470.93 9331.49 
0,1622 0,3220 C,3538 0,C026 l,1224 0,9242 C,1407 0.7623 470.93 11429.55 I 
0.1933 0,3260 C.3538 c.coz6 1.3545 o .9242 0.1327 0.8678 470.93 14 290. 57 
_, 
e,, 
0.2079 c.3340 C.3538 C.CC26 l.3847 C.9242 o.11ga 0.8009 470.93 15625.71 I 
0.23C8 0. 3420 0.3538 0.0026 1.4747 C.9242 0.1098 0.7817 470.93 17723.79 
0.2640 c.3660 0.3539 O.CC26 l. 4610 0. 9242 0.0898 0.6333 470.93 20775.53 
SLCPE CF FLU~.E : C.03CCFT/FT 
DENSITY OF S!~ULATEO GRASS : 1224.COOOELtDES PER SQ. FOOT 
~E!GhT OF SIMULATED GRASS = 0.2llCFT 
0.0447 0.2530 0.3418 C.CC28 c.2003 C.8444 0.2163 -0.2092 454.95 77 l. 79 
C.C547 0.2110 G.3418 o.oc2a 0.3065 0.8444 3.1548 -4.6697 454.95 1687.32 
O.C628 C.3C20 C.3416 C.CC28 C. 2912 C.8444 0.2123 0. 29 8 5 454.95 2431.17 
0.0707 0.2040 0.3-'tlO C. OG28 C. 4 712 0,8444 C.4877 l.1097 454.95 3155.97 
O.C936 C. 3C20 C.3418 C.0028 0.6293 G.8444 0.2123 0.6450 454.95 5254,04 
0 .1393 C.3280 0.3416 C.CC28 C.8804 C.8444 0.1291 0.5489 454.95 9450.18 
C.1622 0.3310 0.3418 o.co2a l.0490 0,8444 0.1242 o. 6292 454.95 11548. 25 
C. l 9 33 C.3370 0,3418 C.G028 l.2465 0.6444 O.ll57 0.6967 454.95 14409.26 
0.2079 c.~5oo 0.3418 o. 0028 l.2346 o.a444 0.1018 Q.6069 454.95 15744.40 
C.23C8 C.3550 0.3418 c. 0028 l,3506 c.8444 o ,0975 0.6362 454.95 17842.47 
0.2640 0.3830 C.3418 0.0028 1.3241 0.8444 C.0807 0.5158 454.95 20894.22 
TABLE 3: Continued 
SLCPE CF FLUn : C,0250FTtFT 
D~NSITY OF SIMULATED GRASS = 1224,COCOELIDES PER SC, FCOT 
~EIG~T OF Sl~ULATEO GRASS = 0,211CFT 
Q ow VMP BLT VMT RD NT U* REF RET 
0,0447 0,2660 0,2935 C,0028 C,24c2 C,S322 o. 7313 -o, 8694 390,72 1242,20 
0,0547 C,2970 C,2935 0,0028 0 ,2735 0,9322 0.2482 0,3278 3S0,72 2157,72 0,0628 0,3280 0,2935 C,0028 C,2703 C,9.322 0.1291 0.1685 390,72 2901.58 
C,0707 C,2990 0,2935 C.C028 0,4492 0,9322 0,2322 0,5037 390,72 3626,37 
0,0936 0,3180 0,2935 c. 0028 C,5831 C.9322 0,1500 0,4224 390, 12 5724,45 
0, 1393 0,3390 0,2935 0,0028 0.8448 0,9322 C, 1133 0,4620 390,72 9920,59 
I 0,1622 C.3420 C,2935 0,0028 1,0000 C,9322 0,1098 0,5301 390, 12 12018.66 -.J 0.1933 0,3500 0.2935 C,C028 1. l6ca 0,9322 C,1018 0.5735 390. 72 14879.68 "' C,2079 C,3630 C.2935 C,0023 1. 16 28 0,9322 0,0917 0,5149 390, 72 16214,81 I 
0,2308 0,3720 0,2935 0,CC28 1,2398 C, 9322 0,0862 0,5162 390,72 18312,89 
0,2640 0,3910 0,2935 0,0028 1,2937 0,9322 0,0772 0,4826 390,72 21364,64 
SLOPE OF FLU~E = O,C2CCFT/FT 
DENSITY OF Sl~ULATED GRASS = 1224,0000eLADES PER SQ, FOOT 
~EIG~T OF Sl~ULATED GRASS = C,2110FT 
0,0239 0,2190 0,2051 0,0026 0,2657 1.4467 0,0406 -0,0521 272,99 195,01 
0,0295 0,2400 0. 20 51 0.0026 0.2609 1,4467 0,llCO -0,1417 272,99 709,99 
C,C447 0,2840 0,2051 O.CC26 0, 3139 1,4467 0,4677 0. 7392 272,99 2102,35 0,0547 0.3230 0,2051 0,0026 C.2937 1,4467 C,1385 0,1965 272,99 30 l7 ,87 
0,0628 0,3650 C,2051 0,0026 0,2663 1,4467 0.0904 0,1162 272,99 3761, 73 0,0707 0,3230 0,2051 0,0026 0.4366 1,4467 0,1385 0,2921 272,99 4486,52 0,0936 0,3440 o. 20 51 0,0.026 0, 5396 1,4467 0, 1076 0,2804 272,99 6584,59 0 ,13<;3 0,3520 C,2051 O,OC26 C,8334 1,4467 0.1000 0,4025 272,99 10780,74 
0,1622 0,3570 0.20~1 0,0026 0,9615 1,4467 0.0960 0,4457 272,99 12878.81 0.1<;33 C,3700 C,2051 0,CC26 l,C790 1,4467 0,0874 0,4551 272,99 15739,82 0,2079 0,3850 0,2051 C,CC26 1, C6% 1,4467 0,0798 0,4120 272,99 17074,96 
0,2308 0.3920 C,2051 0.0026 l,1546 1,4467 0,0768 0,4285 272,99 19173.03 C,2640 0,4120 0,2051 0,0026 1,2052 1,4467 0,0700 0,4076 272,99 22224,79 
TABLE 3: Continued 
SLCPE OF FLUn = 0.0400fT /FT 
CENSlTY OF Sl~ULATED GRASS • 1224.COCCELADES PER SC. FCOT 
~E!GhT OF Sl~ULATEO GRASS = 0.1378FT 
c ow VMP BLT VMT RD NT U* REF RET 
0.0301 0.1380 o. 34 74 0.0024 29.6177 1.1105 0.0185 -2. 6436 466.43 543.37 
0.0322 C.!610 C.34 74 0.0024 0 .3449 l.ll05 0.3041 o.5066 466.43 734. 11 
0.0364 0.1670 0.3414 c.0024 0.4164 1.1105 C.1649 0.3316 466.43 1115.57 
C.C49l 0.2140 c.3414 0.0024 0.3260 1.110 5 0.0567 0. 0892 466.43 2279.05 
0.0530 0.2240 Q.3474 C.CC24 Q.3340 1.1105 C.C523 0.0343 466.43 2641.45 
C.C56l 0. 22 30 0.3474 c.0024 0.3745 l.ll05 O.C527 0.0952 466.43 2927.55 
0.0669 0.2590 0.3474 c.0024 0.3525 l .1105 0.0430 0.0732 466.43 3919.36 
Q.0660 0.2310 0.34 74 0.0024 0.4695 ! • 1105 o. 0498 o. 1129 466.43 4014. 73 
I C.0782 C.2500 C.34 74 0.0024 0.48Qg 1.1105 0.0448 0. 1040 466.43 4949.33 -..J 0. 0973 C.2390 0.3474 0.0024 c.1221 1. 1105 0.0475 0,1655 466 .43 6704.07 -..J 
C. 1133 0.2520 C .. 3474 0.".::024 Q.7801 1.1105 0. Qi)44 J.1672 466.43 8172.73 I 
0.1266 o.2sso 0.3474 c.0024 o. 8736 1.1105 0.0438 0.1847 466.43 9393.43 
0.1455 0.2580 0. 34 74 0.0024 l.0092 1.1105 0.0432 o. 2105 466.43 11129.10 
C .1705 0,2650 0,3414 C.CC24 1.1498 1.1105 0.0420 0.2330 466.43 13417.91 
0.1871 C.261:10 o. 34 74 C.OC24 1.2511 l.ll05 C.0415 0.2506 466.43 14943.79 
0.2297 C.2740 0.3474 c.0024 1.5089 1.1105 0.0406 0.2955 466.43 18853.84 
~LOPE OF fLU~E = C,035CFT/FT 
DENSITY Of SI~ULATED GRASS = 1224.COCCeLADES PER SQ. FOOT 
HEIGHT OF Sl~ULATED GRASS = O. l378FT 
0.0260 C.1380 C.3280 0.0025 15.6677 l.CBlO 0.0185 -1.3985 440,28 287,44 
0.0301 C.1510 Q.3280 C.C:C2S c.ss24 1.ca10 0.2841 -0.7577 440.28 668.91 
0.0322 0.1690 C, 32 80 O.C025 0.3003 1,031,J 0.1457 0,2113 440.28 859.65 
0.0364 0. 1770 0 .32 60 C.CC25 C.3451 1.0810 C .! 039 0. 1732 440.28 1241.11 C.C49l 0.2240 0.3280 0.0025 0.3041 l,C810 o.cs23 0.0767 440.28 2404. 59 
C.C53C 0.2380 C.3280 C.CC25 C.3010 l ,0810 Q.0477 0.0694 440,28 2766.99 
Q.0561 0.2320 C.328C C.0025 0,3533 1.c810 C.CLr95 n.0844 440.28 3053.09 
O.C669 O. 273C 0.3260 0.0025 0.3261 l.0810 0.0407 0,0641 440.28 4044.90 
0.066:) 0,2400 o.32ao c.co25 C.4416 1.cs10 C.0472 0.1006 440.28 4140,27 
C.C782 0.26~0 C.3280 0.0025 0.3784 l.0810 0.03S2 0.0716 440.28 5074.87 o.on3 ().2490 C.328C c.C025 c.6694 1.ca10 0.0450 0 .1456 440.28 6829.61 
0.1133 0,2570 0.3280 0.0025 0.7588 l.C810 0.0434 o. 1590 440.28 8298.26 
0.1266 o. 2610 o. 32 SC c.oc2s 0.8422 1.0810 0.0427 0.1735 440.28 9518.96 
C.1455 0.2620 0.3280 o.C025 0.9877 1.0810 0.0425 0.2026 440.28 11254.64 0.1705 c.2100 C.3280 O.CC25 1.1167 1.0810 0.0412 0.2219 440.28 13543. 43 0.1871 0.2720 c. 32 ea C.C025 1.2240 1.cs10 o.04C9 0.2415 440.28 15069.32 0.22~7 c.2~00 c. :;2 60 0.0025 1.4548 1.0810 0.0397 0.2790 440.28 18979,36 
TABLE 3: Continued 
SLC?E CF FLL~E ; C.C3COFT /FT 
CcNSITY OF S!~ULATED GRASS - 1224.CCOOELtCES PER SQ. FOOT 
~EIGhT OF SIMULATED GRASS ; o. 1378FT 
Q ow VMP BLT VMT RD NT u• REF RET 
C.C229 0.1380 0.3558 c.oczs -9. 42 85 C.7972 0.0185 o.s,,16 477. 62 -172.98 
C.0301 0.1670 0 .35 58 C,0023 0.1846 0. 7S7 2 0.1649 0.1,,10 477.62 494. 59 
0.0322 C.lEEO 0.3558 O.C028 0.1488 o.7972 O.C793 0.057C 477.62 685.33 
C. C 364 0.1930 0.3553 C.0028 c.21c1 c.1>12 0.0121 0.0740 477.62 !066 .. 79 
C,C4sl 0.2420 C.3558 C.0028 0.2333 C.7972 0.0467 0.0526 477.62 2230.2? 
O.C530 C.2570 Q.3558 c.cczs C.2371 c.1s12 C.0434 0.0497 477 .62 2592.67 
O.C561 0. 2.!,30 0.3558 0. cc 28 C.2983 0.1912 0. OLt64 0.0669 477.62 2878. 77 
O.C669 0.2900 0.3558 c.cc2e C. 2772 0.1912 0.0365 0.0515 477.62 3370.53 
o.ots·J 0.2480 C.3559 C .. C\J28 o.3923 o.7972 C. C4 53 O.C857 477.62 3~65.95 
O.C782 G .. 2950 C.3558 0.0028 0.3:;gg c.7972 0.0379 0.0622 477.62 4900.55 I __, 
0.0973 0.2610 0.3558 C.CC28 C.5888 C,7972 C.0427 0.1213 4 77. 62 6655.29 a, 
0.1133 C.2670 C.3558 c.ooze 0.6854 0. 7972 0.0416 Q.1378 477.62 8123.94 I 
c .. 12t.& 0.2690 0 .. 3558 c .. cvze C,7763 C, 7S72 0 .. 0413 0 .. 1549 477.62 93!:.i'.r.,64 
C.1455 C:.2710 C.3558 o .. co2e Q .. 9067 G. 7972 0.0410 Q.1793 477.62 llOSG .. 32 
C .1705 a. 2790 0.35:;s C.CC28 l .. C320 o. 7972 C.C399 0.1986 477.62 13369 .. 13 
C. 1871 0.2810 0.3553 C.0028 1.1338 o.7972 Q.0396 0.2167 477.62 14895.00 
C.2297 C.2E90 C.3558 c.co2a 1.3557 0. 7972 0.0386 0.2526 477.62 18805.04 
SLC?E CF FLU~E ; C.02':0FT/FT 
CE~SITY C~ S!~ULATED GRASS - 1224.0DOOELACES PER SQ, FCOT 
hE!GHT OF Sl~~LATED GRASS ; 0.1378FT 
0,0208 C.!380 C, 3211 O.C029 -7. 7088 0.8028 0,0185 0.6881 431,12 -141,43 
0.0229 0,1590 C, 3211 C.CC29 C.0254 c.sczs 0,4546 0.0557 431.12 49.31 
C.C:<Cl C.185C C .. 321! C.0029 0.1655 0,8)23 0.0843 0 .. 06 74 431.12 716.88 
O.C322 ·0.2010 0.3211 c.c,J2g C. l5t5 C,8029 C.C650 0.0491 431.12 907.61 
0.0364 0,2110 0.3211 0.0029 0.1920 0.8028 C.C533 0.0540 431 .. 12 1289.08 
0.('491 0. 26 20 0.3211 c .. ccz~ C. 2152 C .. 8028 0.04-25 0.04~1 431.12 2452,56 
C.C530 0.2740 0.3211 o.cozg 0. 22 53 C.8028 C.0406 C.0441 431.12 2214.95 
Q.C561 C • .2560 0.3211 C.C029 0.2860 C.8028 0.0436 D .. 0602 431.12 3101.05 
O.C669 0 .. 3120 Q.3211 C.CC29 0.25cl c.acza O.C362 C. 04·43 431.12 4092. 87 
C.C680 C,26CO C.3211 C.0029 o. 3736 Q.2228 0,0428 0.0773 431.12 4188.23 
C.-J782 0 .. :190 C .3211 c.ccz9 C.3082 o.eo28 0,0356 O.G530 431.12 5122.83 
C .. CS73 0,2740 C .. 3211 0. 00 29 0.55C4 0,8029 Q.0406 0.1C78 431.12 6877.57 
0, 1133 C.2760 C. 32 ll c.cczs C .. 6523 c.ac2a O.C4C3 0,1280 431.12 8346.23 
0, 1266 c .. 2sco 0. 3211 0.0029 0.7333 O.SC28 C .. C397 0.1407 431.12 9566.93 
o. is-ss o.2seo 0,3211 c.CC29 c.ezoz 0.8028 Q.0387 0,1533 431.12 11302.61 
0.110; C.2900 0. 3211 0.0029 a. 9734 o.ecze O.C385 0.1808 431.12 13591.41 
C.1871 0.296C 0.3211 C.CC29 1.0416 C,8028 0.0378 0.1901 431.12 15117.28 
0.2297 C,3000 C,3211 0.0029 l,2787 C.8028 0.0374 0,2307 431.12 19027 .33 
TABLE 3: Continued 
SLCPE CF FLU~E = C.0200FT/FT 
CENS!TY CF SIMULATED GRASS = 1224.COOOELADES PER SQ. FOOT 
rEIGHT OF Sl~ULATEC GRASS = Q.1378FT 
Q DW VMP ELT VMT RO NT IJ"' • REF RET 
C, C 187 0.1380 0.2432 O.CCZ9 6. 9690 1.0736 C,0185 -C.8006 3U.47 164.55 
Q.0229 0.1820 C.2432 c.cc2g C.13-47 1.C736 C.0903 0.0587 326.47 546.01 I 
O,C301 0.2080 0.2432 C.0029 o. 1 a 84 1.0736 C.0600 0.0546 326.47 1213.58 -.J 
"' O.C322 0.2190 0.2432 c.cc2s C.1885 l.C736 0.0543 0 • 04S4 326.47 1404. 32 I 
C .. C364 Q.23~0 Q • 2L .. '3~ C.OG29 0,2023 1.0736 C.J489 O.C47a 326.47 1765.79 
0.0,,91 0.286C 0.2432 C.CC29 C.2169 1 .. 0736 0,0329 '0.0408 326,47 2949.26 
0.0530 0.2930 0.2432 0.0029 0.2253 l,C736 C.0376 C.0409 326.47 3311.66 
0.0561 C.2790 0.2432 c. 0029 C.2777 1.0736 0,0399 0.0535 326.47 3597.76 
O.C669 0.3370 0.2432 C.CC29 C.2511 1. C 736 C.0342 0,0415 326.47 4589.57 
O,C660 c.2s5o 0.2432 C.CC29 0.3469 l,C736 0.0391 0.0655 326.47 .:.te4.94 
0.0782 0.34.30 0. 24 32 C, CC 29 C.2985 l.0736 C. 0338 0,0487 326,47 5619.54 
C.C973 C .. 2S70 0.2432 C,CC29 o.s:,s1 1.0736 0 .. 038S 0,1010 326.47 7374.29 
0.1133 c. 2910 C.2432 C,CC29 C.6292 1. 07 36 o.C384 0.1165 326,47 8842,94 
0.1266 C.2970 0.2432 0.0029 0.6890 1.0736 a.0311 0.1254 326.47 10063.64 
C.1455 C.3C80 0.2432 C,CC29 0.7557 1.0736 0.0366 0.1334 326.47 11799.32 
0.1705 0.3120 0.24-32 C.GC29 0.8815 l. C736 C,0362 0.1541 326.47 14088.12 
0.1871 0.3160 C.2432 0.0029 0.9551 l .0736 0.0358 0 .16 53 326.47 15614,00 
o.22s1 0.3230 0,24-32 c.ccz9 1,1491 l.C736 0.0353 0.1956 326,47 19524.04 
-80-
difficult to determine and is considered beyond the scope of 
the present study. However, some computed results based on 
uncontested assumptions that logarithmic velocity holds true 
for flow above the mean height of the bent-down vegetation and 
velocity between the blades is not affected by the presence of 
flow above the vegetative part, are also presented in Table 4 
only for the completeness of the presentation. 
TABLE 4: Determination of Flow Velocity Profile and Shear 
Velocity at Top of Vegetation 
5LOPc CF FLU,:c = C, .0400FT /FT 
u::,:.nv Of SH;ULA H.D (.RASS = lL2~.ooooBLADFS PER so. FOOT 
HElGHl UF SIMULAlEO GRASS = 0.3920FT 
Q DW VIIP QS OT DX VMAX TTS 
0.13~6 0.4:;90 0.5550 0.1046 0.0309 0.3622 0.7068 0.0082 
0.15bti 0 ."r~-40 D.?t.50 0.1065 0 .0523 0.3603. 0.98.';10 0.0160 
O.l?U4 0.4660 0.5730 0.1080 0.0704 0.3825 1.1223 0.0198 
0.1~19 0.4710 V.5i'6.0 o.1oeo 0.0794 0.3834 1.1907 o.021s 
0.2037 0.47b0 0.5790 C, 1092 o.0946 0.?.852 1.35e5 0.0279 
0.24~0 0,4960 0.5910 0.1114 0 • ! 3 ?4 o.3e 59 l.5228 0.0322 
0.27~:.. 0.:.120 O.b050 u.1!37 0.1609 0.38;;9 l. 6055 0.0337 
c..zu b ~ 0 .. 12~0 o .... oo~,:J 0.114-6 0.!939 0.3BCf:: l. 7&&3 0.0407 
0.3285 0.:;;::.2u U.61.:..(J (J.1157 o .21 r, 0.3~68 1 .. 8369 0.0418 
0.3480 o.s:.-,o 0 .& 160 0.1161 0.2319· o.:;s72 l.9489 0.0465 
0.3-,33 o. !>450 0.0210 0.1171 0.251,7 0.3874- 2.0322 C.C496 
U • ..:..u 3 7 0,5610 0.6~1J 0.1189 0.2E'48 0.3371 2,0326 0.0477 
0 .43 74 o.~130 o.o3cO ei.1203 0.3172 0.3872 2 .1 uc 0.0502 
SLCPE CF FLU~E = C,0400FT/FT 
DENSITY OF S!~ULATED GRASS = 2232.cocoeLADES PER s,. FCCT 
HEIGHT OF S!~ULATED GRASS = 0.3920FT 
C,1135 0.4530 0.5420 O.C637 C, 04% C,3805 0,9469 0.0150 
0,1383 Q.4620 c.5470 0, 064 3 C,0739 0,3856 1,2740 0,0265 
0.1971 0,4880 0.5630 0,0662 C, 1309 0.3074 l,6790 0,0407 
C,2644 c.5c9o 0,5740 C,0675 G.1969 0.3882 2.0580 0.0566 
SLC?= OF FLU~E . = O. C3COFT /FT 
DENSITY OF SlrULITEO GRASS = 2232.CCCCELADES PER SQ, FOOT 
hE!CHT OF S!~ULATED GRASS = 0.3920FT 
C.1135 Q. l1620 0.54SO 0.0644 0, 0491 0,3674 0 • 7769 0.0090 
0.1383 0.4710 0.5530 O.C650 C, 0732 0.3824 l, 0923 0,0182 
a. 197l o.5010 0,5720 O.C672 Q.1299 0.3854 1.4311 0.0279 
0.2644 C,5260 o.ss10 O.C6SO o.19:5 0.3869 1. 7715 0.0396 
Rn RE2 







17789.84 29172.20 I 
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19517.27 29967.67 ,~ 












TABLE 4: Continued 
SLOPE CF FLU~E = c.02coFT/FT 
CENSITY OF SIMULATED GRASS = 2232.COCOELADES PER SQ. FOOT 
~EIGHT OF s1,uLATED GRASS = 0.3920FT 
Q Dw v,F cs QT ex VMAX TTS RET RE2 
0.1383 0.4960 C.5700 O.C670 0.0713 0.3482 0.7524 0.0070 6540.% 25937.59 
0. 1971 C.5250 C.58€0 O.C6Sl C.1280 C.3786 1.1264 0.0157 11745.13 28321.07 0.2644 0.5560 0.6070 0.0713 0 .19 32 0.3827 1. 3973 0.0226 17720.56 30962.53 
SLOPE OF FLU~E = C.C3CCF1/F1 
DENSITY OF Sl~UL~TED GRASS = 1224.0000eLADES PcR SQ. FOOT 
~EIG~T OF s1,uLA1ED GRASS = o. 3nCFT 
C.1655 c.4730 O. 57EG O.lC:39 C.C566 0.3576 o.7748 o.ooaz 5189.61 25081.98 
0.1925 C.4850 0.5850 0. 1102 0.0823 0.3780 1.0325 0.0150 7548.32 26029.79 
0.2104 C.491C C.5890 c.1110 C.0994 0.3319 l.1899 0.0198 9119.58 26531.98 I 0.2299 0.5050 o.5980 0.1121 C.1173 0.3318 l. 23 27 o.c201 10757.14 27705.47 co 
C.2707 C.5180 C.6050 o. l! 40 0,1567 0 • 33L:9 l.4930 0.0288 l4374.7C 28751. 3'~ N 
0. 3177 C.5360 f" /.,, 1 r::~. C .. 1159 c.2c1s 0.3659 l.6930 0.0353 13512.69 31)2!,2.17 I .., . ~ - -· .... 
0.3385 C.5440 0.6200 0.1168 0.2216 0.3861 1.7534 0.0369 20333. 73 30943.09 
Q.3601 c.ss10 o. 6240 C.1176 C.2425 0.3865 l.8444 0.0402 22248.33 31543.45 
c.3sos C.5590 0.6290 0. [!85 0.2619 C.3865 1.8872 o.C413 24031.23 32257.85 
C.4QC8 c.sc10 C.6330 G.1193 Q.2Jl6 Q.3866 1.9426 Q.Q430 25831.41 32927.57 
Q.4229 0.5740 0.6370 c.1200 C.3028 C.3868 2.009·'.) 0.0453 27784.14 33544. 73 
0.4449 C.5810 C.6410 c.12ca Q.3241 0.3569 2.0625 0.0471 29736.69 34167.03 
o.o36B 0.2550 0.2879 o.1137 0.11:08 C.3859 l.6055 0.0337 14 748 .14 6735,77 
O.C399 C.2710 0.2943 0.1146 0.1939 o.3868 1.7888 0.0407 17789.84 7315.91 
SLCPE OF FLU~E = C. C 2COF1 /FT 
DENSITY OF SI~U(ATED GRASS = 1224.0000ELices PER sc. FOOT 
~EIGHT OF SI,ULATED GRASS = C.3S20F1 
C.1863 C.5070 0. 60 oc 0.1130 0.0733 0.2112 0.6566 0.0:Jt.l 672',.51 27908.23 
0.2241 0.5210 C.6C80 0.1145 0. 1096 0.3689 0. 971 l 0.0115 10C57.S4 29061.25 
C.2532 o.53ao 0.62CO· c.1101 c. 1365 0.3739 l.0882 0.0140 12521.32 3:J6.'J1~ao 
C.2707 0.5480 o. 62 so 0. l 177 0. 15 30 Q.3757 1.1501 O.Cl53 1~037.29 31421.98 
C.3106 C. 56W Q.632C 0 .! lsC o.1916 o.3806 1.3430 ;J.0205 17578.71 32527.67 
0.3281 o.5690 C.6360 c.11,1 0.2083 C.3812 1.3927 0. 0218 19111.91 33200.32 
c. 3L;S7 C.5760 G.64CO 0.1205 o. 2292 C.3824 1.t,.801 0.0243 21026.59 33820.15 
C.3811 C.5890 C.6470 0.1218 C.2653 c.3835 1.6036 0.0279 24339.14 34961.70 
C.4075 Q.5960 0.6510 0.1226 0.2849 0. 384'.) l.6668 o. 0298 26139.37 35595.92 
0.4191 0.60,0 0.66CC 0.1243 C.2949 C.3830 1.6186 O.OZ-14 27052.34 36875.20 
O.C368 0.2660 0. 2616 0.1200 0 • 30 28 Q.3868 2.0090 Q.0453 27784.14 6863. 02 
0.0399 0.3230 C.2505 C.1208 0.3241 0.3869 2.0625 0.0471 29736.89 7424.18 
TABLE 4: Continued 
SLCPE CF FLU~E : C.0150FT/FT 
DENSITY CF sr,uLATEC G~ASS ~ 1224.COOOELADES PER SQ. FOOT 
hEIG~T OF Sl~~LATED GRASS : 0.3920FT 
Q ow Vt-1P cs CT ex VMAX TTS RET RE2 
0.2345 C.5550 C.63CO C. !185 c. 1160 0.2963 0,7667 0.0059 10638.95 32077.95 
0,2495 0.5t10 0.6~20 0, 1189 C .l 306 C,3378 c.ss49 o. 0077 11977 • 79 32527.67 
0.2823 C.5740 C.6400 0 .1204 o.1619 0.3635 1.0202 0 .0112 14853.60 33702,72 
0.2956 0.5791) 0.6430 0. 1210 c. 1746 C.3676 1.0743 0.0124 16022.64 34155..65 
0,31C2 C.5890 0.6500 0.1223 0.187'1 0.3677 1. 0975 0.0121 17237.21 35123.82 
0.3285 0.5950 Q.6520 c.1221 0.2058 C.3724 l.1801 0,0147 18881.23 35590.79 I 0.3426 0,6040 0,6570 0.1236 c.21so 0,3726 1,2022 0.0150 20092.12 36406,20 0) 
C,3580 0.6120 0.6620 c. 1246 C,2335 C,3734 1.2364 0, 0 l 57 21417.45 37169.13 w I 0.3751 0.6190 0. 6660 0, 1253 Q.2497 0.37'!8 1.2330 0,0167 22912.57 37821.42 
C.3CJC9 C.6270 C.6710 C.1262 0.2646 0.3755 1.3176 0.0175 24276.05 36597.85 
O.C368 0.3130 C.2410:. C.1208 0.3241 0 • 3 86 9 2. 06 2 5 o. 04 71 29736.89 6930.58 
0.0399 0,3540 C.23C9 0.1137 0,1608 0.3859 1.6055 0.0337 14748.14 7499.96 
SLCPE OF FLU~E = 0,04COFT /FT 
DE~SITY OF Sl~UL~TEC GRASS = 1224.0000SLADES PER SQ. FOOT 
hElGHT CF Sl~ULATED GRASS = C.2110FT 
0.0447 C.2340 C,36<;8 0.0393 0.0054 c.2110 -0.0036 0.0176 495.73 7939.46 
0.0547 c. 2,,50 Q.36S8 c.0393 0.0154 c.2110 -0.3089 0.1796 1411.25 8312.69 
C.0628 0.2660 o.3696" O.C393 0.0235 c.2110 -3 .3436 4.4052 2155.ll 9025.20 
0.0101 0.2760 C.36Sa c.0393 0.0314 0.2110 9,,.621 24.9795 2879,90 9364.50 
C.C936 0 .. 2860 o.3698 0.0393 0.05~3 0.2110 4.3980 4.1834 4<;77.93 9703.79 
0,1393 C.3CSO C,36SS 0.:3S3 c.1000 0.2110 3.2178 !.4960 9174. 12 10434.16 
0.1622 0.3140 C.3698 0.0393 0.1229 c.2110 3.5131 1,6679 11272.19 10653.82 
0.1933 C.3180 0.36S8 O.C393 0.1541 0.2110 4.0469 2,1059 14133.21 10789.53 
0.2079 o.3260 0.3698 O,C393 c. 1686 0.2110 3.8145 1.7086 15468.33 11060,96 
C.23C8 C.3350 0,3698 0.0393 0.1915 0.2110 3.7511 1. 5090 17566.41 11366.33 
0.2640 C.3500 0,36S8 O,C393 0.2247 0.2110 3.6034 1,2227 20618.16 11875,27 
TABLE 4: Continued 
SLCPE CF FLU~E = 0.035CFT/FT 
DE~SITY OF SIMULITED GR£SS = 1224.COOCELIDES PER SQ. FOOT 
~EIGHT OF SIMULATED GRASS = 0.2llOFT 
Q ow VMP QS QT DX VMAX TTS RET RE2 
0.0447 C.2370 0.3536 c.0376 c.0011 0.2110 -0.0436 Q.0312 653.10 7693.02 
o. 0 54 7 0.2550 0.3538 0.0376 0.0111 0.2110 -o. 7665 o. 4134 l 568. 62 8277.30 
0.0628 C.2BlC C.3533 0.0376 c.02s2 O. 2110 3.1756 2.4561 2312.48 9121.26 
C.0707 C.2790 o.3538 0.0376 0.0331 o. 2110 5.4093 7. 5071 3037.27 9056.34 
0.0936 C.286C C.35 38 0.0376 Q.0560 0.2110 4.5)71 4.4520 5135.35 9283.56 
0.1393 0.3180 0.3538 C.0376 c.1011 0.2110 2.6720 0.9181 9331.49 10322.28 I 
0.1622 0. 3220 C.3538 0.0376 o.1246 0.2110 3.0281 1.1253 11429.55 10452.12 "' ...
0 .1933 0.3260 0.3536 G.C376 c.1s5s c.2i10 3.5240 1.4583 14290.57 10581.96 I 
0.2019 0.33.t:,O o.3538 0.0376 o. 1703 0.2110 3.3870 1.2421 15625. 71 10841.64 
o.23oa 0 .3420 C.3538 C.C376 c.l932 0 .2110 3.4291 1.l833 17723.79 11101.n 
0.2640 0.3660 0.3538 O.C376 0.2265 9.2110 3.0442 o. 7766 20775. 53 ll880.36 
SLOPE CF FLU~E = 0.0300FT /FT 
CENSITY PF SIMULATED GRASS = 1224.COCCELADES PER SQ. FCOT 
HEIGHT OF SI~ULATED GRASS = 0,2llOFT 
C.0447 o.2s30 0.3418 0.0363 o.C084 0. 2110 -0.3228 o.C848 771. 79 7933.74 
0.0547 c.2110 C.3418 O.C303 0. C 184 c.2110 -11.3678 42.2260 1687.32 8498.20 
0,0628 0.3020 0.3418 0.0363 C,C265 c.2110 l.0374 o.1725 243l,17 9470,31 
O.C707 c.2a40 C.3418 O.C363 Q.0344 0.2110 3.2455 2.3846 3155.n 8905.86 
Q.0936 o.3020 C.34l8 0.0363 Q.C573 0.2110 2.2419 0.8057 5254.04 9470.31 
0.1393 0.3280 0.3418 C.0363 0.1030 0.2110 2.2527 0.5834 945C.19 10285.64 
0.1622 C.3310 C.3418 C.C363 C.1259 0.2110 2.6219 o.7665 ll548.25 10379. 71 
0,1933 0.3370 0.3418 0,0363 0, 1571 c.2110 2.9882 o.9399 14409.26 10567.86 
0.2C79 C.35CO 0.3418 C.C363 c.1111, 0 .2110 2.7516 0. 7130 15744.40 10975. 53 
0.2308 0.3550 0.3418 O.C3c3 C.1945 0. 2110 2.9410 o.7836 17842,47 11132.32 
C.2640 C,3830 Q.3418 o. 0363 0.2211 C. 2110 2.6135 0,5151 20894.22 12010.36 
TABLE 4: Continued 
SLOPE OF FLU~E = 0,0250FT/FT 
Dc~S!TY OF S!MUL~TED GR~SS = 1224,GOOCeLADES PER SQ, FOOT 
HEIGHT CF Sl~uLATED GRASS = C,2llOFT 
c ow VMF cs QT DX VMAX TTS RET RE2 
0.0447 0.2660 0.2935 0.0312 0,0135 0. 2110 -1.9273 l.4636 1242.20 7163.66 
0 .o 54 7 0,2970 0,2935 C.0312 C,C235 c.2110 l. 0929 0, 2080 2157,72 7998,53 
O,C628 0,3280 0.2935 0,0312 0,0316 0,2110 0,6917 0.0550 2901,58 8833,39 
0.0707 C. 2990 C,2935 C,G312 c. C395 0.2110 1,7083 0,4912 3626,37 8052.38 
0,0936 0,3150 0.2935 0,0312 0,0624 0.2110 l,6391 0,3455 5724,45 8564.07 
0,1393 C,3390 0.2935 C,C312 C,1081 0.2110 1,9998 0,4133 9920,59 9129. 63 
I 0.1622 0.3420 0, 29 35 C. C312 0 .1310 0,2110 2,3253 0.5441 12018,66 9210,42 00 C.1933 C,35CO 0.2935 0,0312 0,1622 0.2110 2,6005 0,6368 14879,68 9425,87 (Jl 
0,3630 0,2935 0,0312 C.1767 0.2110 2,4501 0,5134 16214.81 9775 ,98 I 0,2079 
C,23C8 0. 3720 C,2935 0,0312 0.1996 0,2110 2,5302 0,5159 18312,89 10018.35 
0,2640 C. 39l0 C,2935 C,C312 C,2329 C,2110 2,5002 0,4510 21364.64 10530.05 
SLCPE CF FLUn = o.c2ccFT/FT 
CENSITY OF Sl~ULATEC GRASS = 1224,0000ElftOES PER SC, FOOT 
~EIGHT OF Sl~ULATED GRASS = C,2110FT 
O,C239 0.2190 0.2051 0,0218 o.oc21 c.2110 0,1355 0,0052 195.0l 4120,90 C,C295 0,2400 o. 20 51 0, 0218 0,0077 0,2110 -0.0874 0.0389 709,99 4515.94 0,0447 0,2840 0.2051 o.c21s a. 0229 0,2110 2.1620 1,0582 2102.35 5343.86 0,0547 0.3230 0. 20 51 O,CZ!B 0.0329 0.2110 0.7849 0,0748 3017.87 6077.70 C.Ct28 0,3650 C,2051 O,C218 .C.OlrlO 0 .2110 0,5568 0,0262 3761,73 6867.99 O,C707 0.3230 C.2051 0,0218 0.0489 0, 2110 1.1669 C,1652 4486,52 6077. 70 O.C936 0.3440 C,2051 G,0218 o. 0718 0,2110 1,2407 0,1523 6584.59 6472,84 0.1393 0.3520 0, 20 51 O,C218 0,1175 C,2110 1.8397 0,3139 10780,74 6623.38 C,1622 0.3570 o. 2051 0,0218 0,1404 0,2110 2,0756 0,3846 12878.81 6717,46 0,1933 C,3700 C ,20~ l 0,02!8 c. 1716 0.2110 2,2169 0,4011 15739,82 6962.07 O.ZCB 0,3350 0, 20 51 0,0218 0.1861 0.2110 2,0997 0.3287 17074,96 7244.32 C,2308 o.3920 0,2051 C,0218 o.zc~o 0,2110 2,2258 0.3555 19173,03 7376,04 0.2640 0,4120 0,2051 0,0218 0.2423 0. 2110 2,2243 o. 3217 22224.79 7752.36 
TABLE 4 : Continued 
S C?E OF FLU~E • C. 04CCFT /FT 
C NSJTY CF SJ~ULATED GRASS • 1224.COCDELADES PER SQ. FOOT 
~ IGHT OF Sl~ULATEO GRASS = 0.1378FT 
Q ow VMP cs CT ox Vr'cAX TTS RET RE2 
O.C30l c.l3ec c.3474 0.0242 0.0059 0.1378 23.0086 13.5330 543.37 4398.71 
0.0322 0.1610 0.3474 0.0242 C.0080 C.1378 l.6113 0.4969 734. ll 5131.83 
O.C364 0. 16 70 0.3474 0.0242 0.0122 0.1373 1.2454 0. 2129 1115.57 5323.08 
O.C491 C.2ll,0 C. 34 74 C.C242 C.C2t.i8 C. 137 8 c.s4n 0.0154 2219 .as 6821.19 
C.C530 C.224G c .. 3.;.74 0 .. 0242 C.0228 C.1370 C.5448 0.0138 2641.45 7!39.93 
0.0561 0. 2230 C.3474 c .. c2.~:..:~ G.0319 o.1378 0.6126 0.0176 2 927. 55 7108.06 
0.066S C.2590 0.3474 0.0242 0.0427. 0.1373 o.5355 0.0104 3919.36 8255.55 
C.0630 0.2310 C.3Lr74 C.0242 0.0~33 0.1313 0.7519 0.0247 401<,.73 7363. 05 
0 .. 0782 C.2500 0.3.!.-74 o.c2,,2 C .. C539 C.1378 C.7409 0.0210 49~9.33 7968.68 I 
c.c973 C.2390 C. 3474 C.C242 C .. 0731 0.1378 1. 13 5 8 O.C530 67C4.07 7618.05 ro 
"' 0 .1133 0.2520 C.3474 C. 0242 C. CB<;l C.1378 1-1981 O .. J5~,l 8172 .. 73 8032.43 I 
0.1266 0.2550 c.3.:T74 O .. C242 G.1024 0.1378 1.3353 O .. C661 9393.43 8128.05 
Q.1455 C.2580 G.3474 C.C242 C.1213 C.1378 1.5356 0.0858 11129.10 8223.67 
0.1705 0.2650 C.3474 0.0242 0.1463 o. u1s 1. 7323 0.1051 13417.91 8446.80 
0.1371 C.26EO C.3474 C.C242 C.1629 Q.1378 1.9774 0.1216 14943.79 8542.42 
o. 2297 C .2740 C. 34 74 0.0242 C.2055 C.1378 2. 24 77 C. l6n 18853.84 8733 .67 
SLCP2 CF FLUME = O.C350FT/FT 
DENSITY CF SIMULATED GRASS = 1224.CCCCELIDES PER SQ. FOOT 
HEIGHT CF Sl~ULATED GRASS = O.l378FT 
C. CZeO C.1380 c. 32 80 c.0229 0.0031 0.1373 12.1715 3.7671 287.44 4152.13 
0,0301 C. 1510 C.32SO c.~229 0.0073 o.u1s -1.3420 1.1118 668 .n 4543.27 
C.C322 0.1690 0. 32 30 C.0229 O.C094 C.1378 0.8285 0.0964 859.65 508'}· 85 
O.C3C4 0.1770 C.32tC C. C229 . C.Cl35 0.1378 o.11s2 1).0581 1241. ll 5325.55 
O.C49l o. 22',0 0 .. 3230 0.0229 0.0262 0.137e C.4959 0.0114 2404.59 6739.68 
c.c:30 C.2380 c.32eo O.C229 0.0302 0.1378 0.4744 0.0093 2766. S9 7160.91 
0.03d 0.2320 0.3260 O .. C229 C.0333 C.1378 C.5644 o. 0138 3053.09 6930.39 
O.C669 0.2730 O. 32 BC 0.0229 Q,.Q,4L~l 0.1378 0.4864 o.coeo 4044.90 8213.<;S 
o.o6ao C.2400 0. 32 80 O.G229 c.04~1 0.1378 C.6932 0.0196 4140.27 7221.09 
C.C732 0 .. 28L..0 C.3220 0.0229 0.0553 0 .1378. C.5574 O.OOS9 5074.€7 8544.95 
O.G973 0.2490 C.3280 C.0229 c.0144 Q.1378 1. 03 34 O.O,tlO 6829.61 7491.8E 
0.1133 C.2570 c. 32 ec 0. 0229 0.0905 Q.1378 l.l5c3 C.C490 8298.26 7732.58 
0.1266 C • 2610 0.32€C C.D229 C.1038 Q.1378 1. 275 a o.o,s3 9518.96 7852.93 
0.1455 0.2620 0.3280 c.0229 0.1227 0.1378 1.4942 o.0795 11254.64 7883.02 
C.1705 c.2100 c.32ec 0.0229 o.1476 () .1370 1. 6 715 0.0954 l35l,3.43 8123.72 
0,1871 o. 27 20 C.3280 G.C229 0.1643 C.1378 1.8276 0.1129 15069.32 8183.90 
C.2297 0.2800 C. 32 80 0.0229 0.2069 0.1378 2.1524 0.1508 18979.36 8424.60 
TABLE 4: Continued 
SLGPE CF FLU~E = C,C3CCFT /FT 
DENSITY OF Sl~ULITED GRASS = 122~.coooeLADES PER so. FCOT 
hEIGHT OF Si~ULATEO GRASS = O,l378FT 
0 ow VMP OS ,T ex VMAX TTS RET RE2 
0,C229 C,1380 0,3558 C,0248 -0,0019 0,l378 -7,3246 1.3714 -172,99 4504,27 
0.0301 0.1670 0,3558 C,C248 C.OC54 C.1378 0,5521 0,0418 494,59 5450,82 0,0322 C,1880 C,3556 C,0248 0,0075 0 .137 B C, 2913 O,OC63 685,33 6136,25 
0.0364 o. 1930 0,3558 0,0248 C, C 116 0,1378 0,3956 0,0106' 1066.79 62.99,45 
0,04Sl C,2420 0,3558 0,0248 0,0243 0,1378 0,3648 0,0054 2230,27 7898.80 0,0530 C,2570 0,3558 C,C248 c. 0283 0.!378 C, 3613 0,0048 2592.67 8388.39 0,C56l 0,2430 0,3558 0,0248 0,0314 0,1378 C,4655 0,0087 2878. 77 7931,43 C,Ce6S 0,2900 0.3558 0,0248 Q.Q422 0,1378 0,4059 0. ·10 51 3870. 58 9465,50 0,0680 0,2430 0,3558 0.0248 0,0432 0,1378 0,6066 0.0142 3965.95 8094,63 
0,0782 C.2':150 0,3553 G.0248 0.0534 O,l378 0,4953 0.0075 4900.55 9628,70 
I 0,0973 0. 2610 c.3558 0.0248 C.0725 0,1378 0,892() 0.0285 6655.29 8518,95 co o. 11::3 C.2670 C.3558 0,0248 0.0886 0.1373 1,0299 0.0368 8123,94 8714.78 ,.., 0,1266 C.2690 C,3558 O.C248 C.1Cl9 G,1378 l.1636 0 .. 0465 9344,64 8 780, 06 I 
0.1455 0, 2710 0. 35 58 0.0248 0,1208 0,1378 1,3556 0.0624 llCS0,32 8845.34 0,1705 0.2790 0.3558 0,C248 0,1457 0, 13 78 l,5286 o. 0764 13369.13 9106.46 
0,1871 0.2210 C.3558 0.0248 0.1624 0,1378 l,6756 0.0910 14895. 00 9171.74 o.22s1 C,2890 C,3558 0,0248 C.2050 0,1378 l ,9871 0.1235 18805.04 9432.86 
SLCPE CF FLU~E = C,025CFT /FT 
D~~SITY CF Sl~ULATEO GRASS = 1224,COOOELADES PER s,. FCOT 
HElGhT OF Sl~ULATEO GRASS = O. l378FT 
o.c2oa C, 1380 o. 3211 C.0223 -C.OC15 C.1378 -5,S886 C.9168 -1"1,43 4065.71 c .. i::229 0,1590 0,3211 0.0223 0,0005 0,1378 0,1645 O.G060 49,31 4684.40 0.0301 0.1850 0, 3211 O.C223 C.0078 0,1378 a. 3340 0.0088 716.88 5450,41 C.0322 C; 2010 0 .. 3211 0,0223 O .. CCS9 0,1378 0,2794 0,0047 907.61 5921,79 C.C3C4 C. 2110 0. 32 1.1 c.0223 0,0141 0.1378 0,3270 0,0057 1289.08 6216.41 C.C4Sl o.2620 0,3211 0.0223 0.0267 C,1373 0,3256 0,0038 2452.56 7718,95 0,0530 C,274C C. 3211 0.0223 C.0307 0.1378 0,3356 0,0038 2814.95 E:072.50 o.c::61 0.25tQ 0,3211 C,0223 C,C338 C,1378 0.4364 0,0070 3101.05 7542,18 Q.C669 0.312D c.3211 0,0223 0,0446 0, 137 8 C.3680 0.0039 4092. 87 9192,04 0,0680 0,2600 0,3211 C,G223 C,0457 0, 1378 a. 56 6 a 0,0116 4188.23 7660,03 0.0792 0, 3HO 0,3211 0.0223 0,0558 0,1378 0,4405 0;0054 5122,83 9398. 27 C .C973 0.271,0 C,3211 C,0223 C.C750 0,1373 0,8199 0,0225 6877,57 8072.~0 0,1133 0.2760 0,3211 0.0223 0,0910 C.1378 C,S723 O,C317 8346,23 5131.42 0.1266 c.20co o. 3211 C,0223 C,1043 0, 13 78 1,0350 0,0383 9566.93 8249, 27 0.1455 0.2880 0.3211 c.c223 0,1232 C,1378 l. 20 35 0,C455 11302,61 8484.95 0.17C5 C,2SCO C.3211 C,0223 0.1481 0,137d 1.4254 0.0633 13591,41 8543,88 0 .1871 O.ZS60 0.3211 0,0223 0.1648 C.1378 l.5167 0,0700 15117,28 8720.65 c.22~1 C.3000 o. 32 ll 0,0223 0.2074 0,1378 1.8554 0.1031 lS027,33 8838,50 
TABLE 4: Continued 
SLCPE CF HUPE = c.02ccFT/FT 
DENSITY OF SIMULATED GRASS = 1224.00COELtCES PER SC. FCOT 
~EIGHT CF Sl~ULATED GRASS = 0.1378FT 
c ow VMP QS QT ox VMAX TTS RET RE2 
0.0187 C. 1330 0.2432 C.C!69 C.OC18 C.1378 6.9676 1.2410 164.55 3078.80 
0.0229 o.1e20 0.2432 0.0169 o.ooco 0.1378 0.2815 0.0067 546.Cl 4060.45 I 
C.0301 0.2080 C.2432 C.Cl69 C.0132 0.1378 C.3250 0.0058 1213.58 4640.52 00 00 
0. C322 0.2190 0.2432 C.0169 0.0153 0.1378 C.3121 o. ()047 14C4.32 4885.93 I 
c. C3 64 C,2340 0.2432 C.Cl69 O.ClS5 0.1378 Q.32l7 0. OOs.4 1785.79 5220,58 
Q.0491 0.28.60 0.2432 O,Cl69 0.0321 0,1373 C,3189 O,OC32 2949.26 6380. 71 
O.C~30 C.2980 0,2432 c.0169 C.0361 0,1373 0,3275 0 .0032 3311,66 6648.43 
0,0561 0.2_790 o.2432 O.Olc9 C.C392 C,1379 0.4114 0.01)55 3597,76 6224.54 
C.C669 0.3370 C.2432 0.0169 0.0500 0.1378 0.3548 0.01)33 4589,57 7518.53 
0.0680 C.2850 o.2432 c.C169 c.cs11 C.1378 c.s106 0.0083 4684.94 6358.40 
C. C782 o. 311-30 o.2t't22 o.01og 0.0613 0,1378 0.4202 0.0046 5619.54 7652.39 
Q.0973 0.2370 C.2432 C.Cl6'1 C.C804 0 .1378 0.1913 Q.0198 7374. 29 6403.02 
0.1133 C. 2910 0,2432 0•0169 0.0964 0.1378 C.9205 O.C263 8842.94 6492.26 
O, lUc C.2970 c.2432 C.Gl69 C,1G97 0,1378 1.0025 0.0304 1006 3. 64 6626,12 
0,1455 0.3080 0,2432 C.Gl69 C.1286 C.1378 l, 0893 0,0345 11799.32 6871.54 
C.17C5 C,3120 C.2432 C.0169 o.1536 o.1378 1.2667 0.0460 14088.12 6960,78 
0.1871 C,3160 Q.2432 O.Cl69 C. 17C2 Q.1378 l. 36 83 0.0529 15614.00 7050.02 




The prediction of the hydraulic resistance to flow due to 
various vegetation is a complex problem. Through this study 
some progress has been made toward a better understanding of 
hydraulic properties_ of flow through dense vegetative covers. 
A close review of the experimental data plotted in terms 
of n vs. VR as proposed by Ree and Palmer revealed that these 
relationships vary with the bed slope in the region of low VR 
values. The dependency of these curves on the bed slope, how-
ever, is more pronounced as stiffness of the vegetation blade 
increases and for real grasses this dependency is believed to 
be not very apparent. 
By examining the data through the V/Vs vs. ln A/Ab plots 
as suggested by Kouwen and Unny, the same conclusion was reached 
that the universal velocity equation is applicable for flow 
above stiff vegetation. However for flexible vegetative media 
the universal velocity equation may be applicable only when 
the vegetation blades do not oscillate with moving water. 
In advancing the concept of using drag force as a means 
of explaining the hydraulic resis'tance it was found that the 
coefficient of drag, Rd' of the vegetation blade varies contin-
uously with the blade Reynolds number to smooth curve for 
each vegetation density and slope. When was plotted against 
the Reynolds number a single smooth curve representing various 
-90-
blade stiffnesses, population densities and channel slopes 
was obtained. 
In analyzing flow retardance for submerged conditions based 
on momentum equation it was found that different approaches 
are needed for describing various force components for different 
blade stiffnesses. For flexible vegetative cover a wavy bed 
is formed by the bending of blades which separates the flow 
regime into two distinct regions thus a shear force due to top 
of blades is present. This force in the case of erect stiff 




















































total flow area, L
2
; 
flow area blocked by vegetation, L2 ; 
bed area, L2 ; 
2 base area of one element, L 
2 projectional area of blades on bed, L; 
cross sectioned area blocked by vegetation, L2 ; 
total boundary area, L2 ; 
distance from sidewall to blade, L; 
constant of integration; 
cross sectional open flow beneath vegetation, L2 ; 
diameter of wires, L; 
constant dependent on density of vegetation; 
constant dependent on vegetation stiffness; 
average height of simulated grass blades, L; 
number of blades per unit area; 
measure of blade unevennwaa, L; 
depth of water above top of grass-s; 
flow depth, L; 
depth from channel bed to point where logrithmic 
profile begins, L; 
modulus of elasticity, F/L2 ; 
force due to bottom shear, F; 
drag force due to grass, F; 
Fts = 
F = ws 
























force due to shear at top of blades; 
force due to wall shear within vegetation, F; 
force due to wall shear above vegetation, F; 
Darcy's roughness coefficient; 
local friction factor; 
average gap distance between two adjacent blades in 
a row, L; 
height of elements, L; 
distance from sidewalk, L; 
4 second moment of area, L 
measure of flexible rigidity; 
universal constant for turbulent flow; 
measure of soil roughness, L; 
length of section under consideration; 
average projected width of a blade, L; 
Ws sin 45°, L; 
number of elements; 
average number of blades in a single row across flume; 
number of blades in Vw; 
Manning's roughness term, Ll/G; 
Manning's in value for the portion of flow above 
vegetation, L116 ; 
Manning's in value for the wall, Ll/lG; 
hydrostatic pressure, F/L2 ; 
total discharge, L3/T; 
total discharge below vegetation, L
3
/T; 













R = s 
Rt = 










Uc • = 
v = s 
v = w 
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flow rate below the vegetation per unit width of flume, 
L3/T; 
flow rate per unit width within grass, L
3
/T; 
discharge over the top of the blades per unit width 
3 
of the flume, L /T; 
hydraulic radius of flume corrected for narrowness 
of flume, L; 
hydraulic radius of bed and wores, L; 
hydraulic radius, L; 
drag coefficient for blades; 
Reynolds' number; 
spacing hydraulic radius, L; 
hydraulic radius in region about grass, L; 
slope of energy line; 
slope of flume; 
spare between simulated vegetation, L; 
dimensionless factor defined as ratio of sum of areas 
occupied by element base and zone of separation to 
base area occupied by elements. 
blade thickness, L; 
average velocity at top of grass, L/T; 
velocity at depth y, L/T; 
shear velocity, L/T; 
velocity in viscous sublayer, L/T; 
velocity at limit of viscous sublayer, L/T; 
volume of blades in Vw, L3 ; 





v (h') = 
V(y) = 
w = 
w = c 
w = s 














T = r 
., 
T ' = s 
T " = s 
-94-
mean flow velocity in channel, L/T; 
mean velocity within vegetation, L/T; 
assumed velocity from cl to Dw' L/T; 
mean velocity in the regions above the vegetation, 
L/T; 
velocity distribution in horizontal, L/T; 
velocity at depth y for non-submerged case, L/T; 
weight of water in control volume 
channel width, L; 
blade width, L; 
normal depthof water, L; 
distance from bed, L; 
intercept on y axis where U(y) = 0, L; 
parameter of profile shape of plant unit; 
boundary layer thickness, L; 
viscous sublayer height, L; 
specific weight of 
k v ' 
parameter= Um 
* 
3 water, F/L; 
angle of flume from horizontal; 
density of fluid, F - T2/L4 ; 
viscous shear; 
bed shear; 
total shear resistance to· flow, F /L 2 ; 
vegetative roughness shear, F/L2 ; 
~0i J rur;~hn~ss sh~ar, F/L 2 ; 
2 local shear stress, F/L; 
2 average shear stress per unit area of boundary, T/L; 
-95-
'ts = shear due to tips of blades, F/L
2
; 
'( = wall shear within vegetation, F/L
2 , 
ws 
'( = wall shear above vegetation, F/L
2 , 
wt 
)1 = dynamic viscosity, F T/L
2
; 
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APPENDIX II 
COMPUTER PROGRAM 
USED IN THE ANALYSIS 
c 
YCU~ \E~ FCkT~AN STAT~MENTS, WITH NUMfFQc R~-ORDERED, AR.FAS FOLLOWS 
INif:C;E~ CAS.~ 
R.[,:. L Lt.. VG ,i\ l, i\t ,NC,l\iT ,MU,NU ,NSTR 
DIMENSIC~ FG{40),FCW(40),FVtVG(40) 1 FVM(40),FVR(40),FSV(40) 1 FVRT(40 
( ) , F i\C ( 4 0) , r v:-i P ( 4(• ) 1 F Cl) ( 40 ) , FS i\C GS ( 4 0) , J: R = l ( 40 ) 1 FR; F ( 4 0) , "US HR ( 4C) 
1,FNT(4u),FCTl40),FVMT(,:.Q),FART(40),FRSTR(40),FNSTR(4C),FSV5TR(40), 
( r y;-,_ ST R ( 40 ) , r V RT!> ( 40 ) , r'D X ( 4 C ) , f B LT ( 4(, l , f V !U X ( "0 ) , F TT S ( 40 ) , F O S ( 40 l, 
( f' RE T ( 40 ) , FR F 2 ( 4C) , f' CC• GS O I 40 ) 
C ThIS PRCG,,A'.-' A~'.ALIZfS 11-'F RES~ILTS GETHERED OU~ING THE EXPF.R':MENTS 





lC =l_E,:.O{ 5.103CbC',DSG,HSG,CASE 
IF(SO.LELOcOlGOTC430 





tt;LJ::.:- '-'O 000211 2 
NtJ= c00GG109 
GM=62 ~-i... 
!'-, 1 = "() 1 
N2=~G14 
;_,;(:::.. r;-.L~ 3 ! 
ACC =O c (,01 
~ cc y,, 0 ,,00 C-0: 
TT5=0ciC 
,~CY =O -c,(1 01 
1:...K=-:?O :'00000, 
O\r l =O c0 
I H Ct, S~ .E. Q, 1 l GOTC:30 
1 f ( CA s~ oEC, 2 l COTCZO 
,! R ! Tc ( 6, l O CC l 
lOCO FOPMAT ('1 f\ATA JS FOR LEAST STIFF SIMULATED GRASS W!TK :') 
75= c.GOC? 
0 5==. ,:.l :?-7 C 
G SR"• CJO 65 






LlSl! i;,; PF RF!cUMBi:kECJ PRC'G'{AM 
20 WRITF (6,lClC) 
1010 FCkMAT( 'l CATA IS FOf.: MEDIUM STIFF S!MULATFO GRASS WITI-' : •! 
TS= .c- 008 
r)s:~211 
DSµ=(.,022t.,6 
GGT 01: (J 
3C: l,Rl 1;: ( 6, 10 20) 
l02C FGi.M~T( 'l D~T~ IS FOR STIFFEST SIMLILAT~D G;l,~SS WITH : ') 
l'S=·cO 03 7 
L.$.= 0 3 92 
[J.SR. =O c- 0 00 98 
C CUMPUTE \HOTH flLC'CKED BY BLADES WITH AVG. PRCJF.CTFD WIDTI-'= .0148/STRA 
c 
c 
40 L-A 'J G= ( ( ,. 6 k6 + ( TS'': 2 c- ) ) 1 1•·• ) / l 2 •· 
c.:..? =·( { { 1-(·/D S-G )";. *·c:.-5) /! 2 .. c;, }-LA··V(; 
ST\ \·I=- ( 04-8 l-/ l-L.tNG~GAP l) 
A-=-{-.AP /2.c-· 
h1 S::.. S.T R~! *L A·V G 
C COMPUTES AVC, t·.Ui•'6H CF S·LADES,-SN, IN QNE FC'O'T LENGTH· OF THf FLUME 
c 
SNc:69 .264*0 SG 
c 
C RE:AG ! N Dt·T l. 
c 
c 
5·c R Et.. D { 5, ] 0 5· 0 } Ci , D \·! 
IF(Q.LE,O.O)GDT0340 
C PF =i;· /'-~C 
C CUMPUTE ARE~,Ab, BLOCKED RY VEGETATION 
C FOK NGN-SUBM~~G~G FLOW GO TO 90 
c 
SOP =ST~ ~._r;icGA P 
IF (Dh1t>Gi ,.!JS} GC, TC: 60 
c:.01 01 eo 
6C AS=DS*,.;:', 
D1== DV-!-0 S 
Vt\lG=Q/ ( ( ( c.48 ;.-v;E, )'-'0:S) + (CT* ~4-61)) 









L IS TI r·J; n F RE :\tJ M [) E ;{ E O PRO GR. t. M 
Vi= \..JC *ll S 
VS=i~503C7~DSG~QS*TS 
;~~,J"I =( QT/RT,;:~;:; t l,. /3o)} * ~45~, ( i>J l*t~i -c·~l ?*r-J2) 
TV=2.5*(~T*ALCG(DT/OSR)-DT) 
IF- ( { (;.SE "'GT.:: l} «ANJ ,( C\·JcGT eaDS)) Vrt.P=V~:P l 
IF t(CJ.S::·t:>Glc.?)chND~([;\1.:.(;T"DS)) GO TO 23C 
T •:-V =R Hf1*,IC/TV /TV 
f-'Al1=D5*GM,-,SC 1> LAVG*!<.HC/2 o 
5LC=(2(.~MU/(G~*SO))**e5 
b~~~=r.~.oµ /\·JC 







X4 = P /, :'l* :;:::<. :-:~ { Lt.. v:~ IN U) * * ( - l c8 48 ) 
X5= (":iC-hP ):.;. (2 C'*f\':U:):Gt--1:;;.5;3: )*~~(i5 
IF {Ct.~f:c(;ic;l) X5=2~·~:.:X5 
X6=RNT•RLC*AWP•(*Zr/WC/DT/DT/3n+20TRV*9LC•9HR*0/3/WC 
X 7:c-, ra "-;3 LC •,:i ,.R •,:J ,::~ '>ll ::;;,, 2o/DT /DT /3 o-TRV* 5 LC>,Ri,R* ( 5 \·!": *flS+DT l * 2 /3 
C V~~l~\L~ INCk~h~~NT ~~l~OD TO f!NO V~? 




70 !Fi \l~'.?G(;[.~,.G,.:~:.29) GOTC.'~-'0 
fl F s =X o-::. l ,,v :.;,:, -x 2'· v:,; p _, V,1 P- x:, >I'( Vt' P* * 3 )-X 4 * ( Vr': p * *. 15 2 ) -x !': * ( V~P ** 0 5 )-X 
(6~·( V'iP~:=»'l~~))-X-f*(V"-'P~~*2~5} 
GOT [l(} 0 
b(; °'- F ~ =--X (;-X :i. }':-\! :··,.;, -X 2 ·~V>·'. P :.:, \/~-~ P->: ~:.:. ( V:'·~ p,:. *3 l-10 8*PA D):< VMP **2->~ 5~~ ( VMP ** 
0 
5 )-X 
( o:.:• ( V··-1p:.;.:;·:c: ..: !~. )- X7 :~ ( V'.·1 p;;,,:.:2 «-'.:"·) 
90 IF(A~StR[~)~Ll«ACCJGl~T0230 
IF( RE s<.LT «C Go) G~TClC'·O 
VMP =.\' f·~P +f; Vi'"~ P 
GOT070 
lGG Vl'.,'=Vr·,p-D\fhP 
GSVt-\D =G c.,00! 
llC VMP=VMP+DDVM? 







LISllNG OF RENUMBERED PROGRIM 
RfS=XO-Xl•VMP-X2*VMP*VMP-X3*(VMP**3)-X4*(VMP••.I52)-X5*(VMP**•5)-X 
( 6 :.~ { VM r,. ~· ,~ l e-- ~ ) - X 7 ~:. ( V ~1 P Y,t * 2 c-5 ) 
Go1c:::.o 
J ?O ., f: S :ex (,-X l *V l',P -x 2,,v~'. o s- Vi", P-X 3 ,, ( VM P* •3·)-10 8 *PA n•v:~p * •2-x 5 * ( VMP ** .5 )-X 
(ei~:-( V/iP•~*l c.5 )->'7*(\J!V:P*~:c:2 1:1~,) 






lF{ V'·IP,GEo0,'.:,:29) GOTOltoO 
RES=XO-X~*VMD-X2~V~P•VMP-X3*(VMP**3)-X~•(VMP**•l5?)-X5*(VMD**o5l-X 
(~*<V~P**lo~ )-X7*{V~P**2~5) 








GG Tr 150 
C CSMPUTE HEAN VfLCCilY,VM, FDR NON-SUBMERGED CASE 
c 
1. bO ~ E=D1t.'~~~-: E 
i"C '. NS= l I { ( I I O SG ,, I :,4 • ) ** • 5 l * c'< 81 l-1 • l * r;~ P l H l * DW 
V M= I ( ()- ( I A*" 3 c·) *c2 • 4* SO a<Cl el/ ( b &* MU l ) l I DC ONS l 
· v~,;o t-.'= v:-~~;,:;;w 
G \/'.·i P= V!-1 
v ViF· =v ~'. .... ov;--:r 
CC/,!S= (2 c- 1"MU/t2(\4/SO )**-c513tc 
190 D\/1,:P= ,,5*0VHF 
VM?Q:s,t=( D'.!,'-( Vr<P;~*c,'5)*CO'.·JS)*VMP 
!F( Ai;S( V:1:Fi:fi-\i~1,D:1),,GT.ACCY)GGT020C 
GC TO ?:;O 
200 IF( V~·PD\-lcGT ,·.Vl'OW)GOT0210 
(; r.:1· o~· 2 c 
2 lG Vt"lP :::Vf~~-riVf'1f--
GOTC! 90 
2 20 1/MP=Vr-'.P +DV,1~ 





LJSTIN~ OF R~NUMRfRED PROGRAM 
CC•Ol9(, 
c 




'< D T = ( :1 L 1 I 2 ,, ) - ( ( ( 6 2 G 4 * S CJ '• ( B L T* * 3 , I I I ( 12 o * M LI* V MP ) } ) 
IF <DWoLE.L,~.) GOTO 320 
"F. l =II MP ••L ~VG/ NU 
LD=(GM•S0*4K*(RE1**(-laB46lll/~N 
IF (VMP.C'Eo0o~·22Q) CD=!08*GM~SC/SN 
v~:,;,l=V/,P 
'1S=VMP-,D:,-{ (V,v:P**l •. 51*( (2o*MU/62,A/SO)**c5l )/3o 
IF (CASE.GT.I l ,jS=;.,S-((VMP**l~~:)*( (2o*MU/62o4/$(1)**o51J/3 0 
Jl=·(j/WC)-C)S*BC?/WC 
V /J= C/ ( .-iC* c:T +R r;p ,:.:,s l 
V/v,T =CT /DT 
;...:_ E: T =V Ml ):..0 T / f.JU 
IF (C ASE,·.Gl .! ) GC TC 290 
vs; A~=(1,C:O~ 
OVSR=O, o: 
2 4-0 \'~l A~.=-'/ST ,f...P +C VSR 
~Er=VM~/2~5/VSTtR+ALDG(DSR) 
Cllrff=VS1 t,~'>2 ,.5*( (DT+t:XP{ EE Pl l*ALOG(f)T+EXP( Ei-cP) )-flT-E'EP*EXP (FEP )-0 
(, *I. :..n G ( D S Cl.) l 
IF(VSTtR.GTc2o) G8TO 50 
L St.FETY VLLVE 
c 
IF (;\'\'.,(C.'1H,T-<.iT).LT~ACY) GC•T0:300 
!F(G.!"T!~JT<>GT,.QT) GO TC 250 
G(H024C, 
2~C VST~~=VSTAR-DVSR 
:JVS Rl =O oOCl 
2C'(; vs·r AR=VSi .llK+DVSRl 
FFP=VMP/2.~/VSTA~+AL0G(DSR) 
t,,TINT=VSTAR*2 n: *( ((;T+E:XP( Ef,P) l*ALOGlDT+EXP( EEP) )-DT-':FP*EXP ("FP )-D 
<1*AL0Gl DSR)) 
IF( VS TAR,,GT c2 ,.) f.OTO 50 
C SAF'E:TY VALVf 
IF (A'3S (l'.)TEH-C.,Tl el T nACY) GOT0300 
!F(QTINT.GT.Ql) GU TO ~70 
fJQ TO 26C 








LISTING CF RENUMBERED PROGRAM 
<'. 7C VST A:~ =\I ST Af:-o \JS Rl 
DVSP2=0 ~ooo l 
280 VSTAR=V5TAR+GVSR2 
fE?=-v:,1°;:,_ ,5/V STA'<+ALf.G( OSR) 
0TI NT=\/~ f ,t,i\'>"2 ,5*( ( OT+E.XP ( EE Pl I *AL CG (OT+ EXP ( EEP I 1-DT-EFP*::XP ( EE'P )-D 
( T*A LOG( OSR)) 
C SA-FETY VA.LVE 
c 
IF (OTlNToGT.OTl \.!RITE (6,l0601Q,DW 
IF CQT!NT.GT.C:T) GO TO 50 
IF ( VS TAR.GT o2 cl GCTO 50 
IF (,\~;$ C r:rr~,T-QT) .LT ,,ACY) GCT03CO 
~O TC; 2f.;C 
290 VST t.C. =(0-BCJ:-.;. (V1'.P'l''.JS-2*SORT C2*MU/r;;~/SO) *CVM Pl**( 3ol2. )/3) )/WC/TV 
3 00 U~T AO, =-V 5T AR 
TTS=USTtR**2*fh0 
IF (C.o.SEoGTol) vr•AX=2.~*VSTAR*ALCGIDT/DSi=;) 
CX=DS 
!F {CASE,,GT c·l I GD TO 310 
DX=-DS-~XF-(EtP l 
!F IDX.LT,G.) :,RITE (6,10701Q,DW 
!F (0Xel1 .O,O l GO TO :'0 
VMA X= 2 o5*VS TAR* f.LOC ( ( D:,-DX) /OSR) 
310 •iT={((RT*~·lle/3cll*TTS)/lo45*GM*VMT*V'1Tll**•5 
QSC H=-QS*ROP 
JTC H= QT *\,!C 






C COMPUTF VALU~~ FOR KC'UWAN AND REE-PALMER PLOTS 
c 
R=-( ID\•Po48l )-<'.'~,\,'>( (V;.VG>!<,Ol2/Clc4P6*(SC'**•5)) )**(3c/?.ol) l/0481 
NC=tl .,.48c/VAVGl*(R**l2.,/3.l )*{SCl**e51 
S V= { ( 32 •? s·-R. * S (I) *'' o5 ) 
VRT=-VAVG/SV 
A R=Ot,* o4t: 1 
ART =ALCG( I..K/Ab) 











USF HYO<l.AULIC kAU!US B(TWEF'N BL~DES X NU'~B!:R OF fllf,DE PJ=R UNIT WIDTH 
f.'F- UiA'JM:.L, Sf'fri, AS Pt,R.~METER 
c 
SPF W= (DSG* l 4-', d *') G, 5 
RS1R=DW*GAP/(G~P+2•Dwl•SPFW 
IF !OWcGTc-DS) F STR=O,.'*GAP/( GtP+2*DS l*SPFW 
rlS1 R=l,.l,A6* (R~TR) ** (2 o/3,-) •sc,:,*Oo5/VAVG 
SVST'l.=( 320:,,f:Sl Rs,sn)'•*Oo5 
VRTST<l.=VAVG/~V~TR 
VRS T ,;_=VA \JG* P.S Tk 
IF( OW oG T .,OS l CCl 0130 
C CGMPUTE CD FCR llrN-SUBMERGED CASE 
c 
VW=-c48l*~W 
V~: (1 o59307*USG*f}l·J'::rs) 
V=VW-VS 
;. P~ l ~ ':,') :C 7* DS c;,;rs 
SX=OoO 
• 
CD= ( ( V*62.••*SO)-TB* ( .,,.fl:-AP )-(2*TW*DW)) /( SN*.,<;6?5*LAVG*DW*-VM*V·~ I 
VM;, l=V:-1P 
c 
C CCM?UTES REYNOLDS NUM~ER USING FIRST THE BLAD~ WIDTH AND THEN THE WAT 





P, E F =V ;~P *GAP /1, U 
C COM?UT~S A VALUE FrR CD/(GAMMA*SLOPE) 
c 
cor;so=CD/ IC,f:,,so > 
sr,:CGS=( 9l*CD) /I G'1*S0) 
l=-J+l 
FQ( I) =\'.)PF 
F-D',,J l I )=Dvi 
Ft RT ( I I =A RT 
"'V"' ( I ) =VM 
f-Vt- vr; (!)=VA vr; 







L l S 1l N(; CF Kie !~UM:1 F'lED PR C•G». AM 
FS\' (I l=SV 
FViC: T( I) =\'iU 
FNC (I )=NC 
FVVi;>( I)=VMP 
FCC•(I >=CD 
F Sf\t(r, S ( I) =S NC CS 
fCO GS O l ! ) =C (JG Sn 
FRcl(Il='iFl 
F R:: F ( I ) =e- EF' 
=Rf2(l)=';F? 
FW STR( I l ==VR~ T~ 
FSVSTR( Il=SV~1R, 
F N ~- TQ. ( T ) =NS Tii 
FW, TS ( l )=V,< TS TR, 
F8LT(I)=5LT 
! F ( D\I o L F ,,C, S ) G CT C5 0 
f-T"JS( Il=TTS 
FC)(I)=CY 
f-Vh :SX ( I ) =\It' t.X 
FRl: T( I)=~. EJ' 
FU~ T:; R{ I} =:.U!'.. T t.k 
F NT { I l=·~JT 
f-01 (I l=Q'T 
FQS ( T ) =QS ''r, C•P /H C 
FV,H( Il=VMT 
GOT 05 0 
3.<,.0 '<=T 
I =G 
DSG F= OS G* l4L.. 
WRITE (6,lOfO) sn 
WRITE (6,1.c,c-c,) DSGF 
~1RIT!: (6,;.17C.l OS 
v/RITE (6, 1100) 
35C: I=I +l 
,J RI T<= ( b, c ~ l O) ;::.1 ! I ) , Ffl I,! I) , F VA VC ( I ) , FVR ( ! l , F NC ( I l , F S V ( I l , F VR T ( I l , FA 
(RT( I) 
IF (1 cG~cK) GO T(i 360 
G0103 5G 
3f,C I=f• 
i-!RITF < 6, 1 o r.c, > S!l 
t;RITF. (6,2.C9C} DSGF 







L;Slli\G OF RENUMf-.f:r:Eu PRGGR.AM 
\·:RI T': (I;, J l (10 l 
370 l=I+l 
ti" l ff ( 6, 1I l c, ) F Q ( I ) , F CW ( I l , FVA V GI I l , F V~ S TR ( I l , F NS TR ( Il , FS VS TR. ( I l, 
( FVRTS(!l,F~F-T(Il 
IF( I.G~,KlGOTl..)3?(1 
GC TO :170 
3 co r =l 
liR.JT': (6,lOt>O) SO 
W"CTf (6,l09l•l [,SGF 
WRIT[ (6,117(,) OS 
\\RI TE (6, 1120) 
390 IF(FDW(!lvGT.DS)GOTC400 
\-.RI Ti: ( t , ~ l:; 0 l Fe' ( ! l , F[H;( I ) , F VMP ( ! l , FBL T ( I ) , F CD ( I ) , F S NC GS ( I) , FR El ( I ) 
I, F k EF ( I l, Fis t.;, ( I l, FC O GS O ( T ) 
I=: +l 
IF( I.GT "K !G(1T010 
GCTC:3 90 
400 J,1:J 
\_,JR.IT~ ( 6, 10P.O) ~0 
\·!RITt (6,l(;C1C•) OSGF 
c·! RI ff ( 6, l l ·1 (; l C;S 
,,fdTE (o,1140) 
4 l O WR l TF { 6 , l 1: (c) FC ( I l , FD \-1 ( I l , F VH P ( I ) , F SL T ( I l , F VMT( I l , FC[' ( ;) , FN T ( Il , 
( FU ST A,-; Cl l, hd::F ( I l, F;'( ET CI l 
1=1+l. 
lF(I~Lf.K)CGl"D410 
t·!fd T:': ( o, lC SC l SO 
;;R.!T': (c,IC'iu) 0!:GF 
-,: ::u. ,-F. ( 6, 11 ·1(, l OS 
· ,:fl. I Tt: ( 6 , J J I_, 0) 
1 =J J-1 
420 !aaJ+l 
\-JRl E (6, i 1:',(,) r'-• (1 l, FD,}( I l, FVi~P ( !) ,FQS ( I l ,FOT( I), FOX II l ,FVMAX( I l, 
( F1T~(ll,Fr:E·f(l),FkE'2(1) 
IF ( l ol 1, K) G ['TO 42 0 
Ger c: o 
10 30 F- C~ Mi\ T ( 3 ~ 1 0 ,4, I c-) 
1040 FCkMAT (/' !=OR Q= 1 ,F6~4-,'0,J=-• ,Ff·a4, 'Vl'D CANNGT BE Fru~:fP/) 
10~(, l-G,-=.~.:. T( 2F!.(.; r;.1,,) 
lCcO FCr.~1AT (/' FfO'K rJ=-',F6 0 4,'D!·l=',F6.4, 1 TUl1.5ULENT FLOW PRO"ILE IS NOT 
{FS1 tgL!SMf:[· •;) 





LISTING CF RENUM~FkED PROGRAM 
SLO~E'OF FLUME 10 !:,() t'G''. MA T ( I:. 
1090 f(,, MAT( I 
(OCT I) 
Ll~N~ITY OF SIKULATEO GRASS 
ll O(J FO'~MA T( // • 
( S .Vcl • \I /ll* 
11 10 F C:~ MA T{ :; X • f- Fl C,, 4) 
1120 f-ORM,\ T( // • 
Q DW 
LN(A/AB) 1 //) 
l.) ow 
(*Rll/GM*S f.;!:J RE:F RE2 
11?>0 FO~.M.\T(:,X,,•,FJ (;,A,4F10o3 l 
1140 FC~MAT(// 1 W DW 
( R[; NT U* REF 
1150 FCRMAT(3Y,hFlOP4,2Fl0c2l 
11 6(, F o;:i, MA T < 11 • 0 o ,1 
( DX VioJ:-X TTS RET 




= 1 , Fl O c,4, 1 FT IF T 1 ) 
= 1 ,F!0,4,'3LA0f:S PER SQe F 
V~.VG VR N 
Vt',P BLT RD N 
RD/GM*S 1 //) 
VMP BLT VMT 
RFT 1 //l 
V~P QS QT 
RE2 1 //I 
=·, Fl0.4, 'FT 1 ) 
PAG~ 10 
YOU\ FGFZ TR,l.f'J CAC(OS f!AVE: E,EEN PUNCHED AS PRINTED ABOVE, AND ARE PART OF YOUR f1UTPUT 
05/24/77 TIME= 09.59.16 
I 
>--' 
0 
0, 
I 
CARDS ?Ur 

